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CHAPTER 1. INTRODUCTION 
Natural selection favors individuals whose decisions improve their survival and 
ultimately their evolutionary fitness (Darwin 1859). Some decisions, such as those related 
to selecting a mate, have been previously determined through evolutionary stable 
strategies that were developed over time by previous generations of a species (Maynard 
Smith 1977). Other choices are made by an individual on a continuous basis, like the 
decision to fight or flee at the threat of danger (Cannon 1929, Siegel 1980). The results of 
these decisions, whether based on physiology, instinct, or prior experience, are what 
ultimately shape the life history of a species (Martin 1995). 
During the course of its lifetime an organism must make numerous decisions that 
impact its survival and fitness, and many of these are related to reproduction. From the 
start, individuals must decide whether or not breeding is in their best interest. Often there 
are consequences to selecting a breeding territory (Stamps et al. 2005), defending this 
territory (Pärt and Qvarnström 1997), and competing for a mate (Thomas and Székely 
2005). These can impact an individual’s ability to successfully produce young, even 
within a breeding season, and have future impacts on survival and reproduction (Forslund 
and Pärt 1995). Some individuals delay their initial breeding for several years (Gratto 
1988) while others will choose not to breed in consecutive seasons, perhaps due to the 
physical demands of the prior attempt or because of environmental conditions leading up 
to that season (Jenouvrier et al. 2005). Once a breeding attempt has been initiated there 
are still decisions to make, such as whether to remain with the original mate or seek a 
potentially superior mate (Griffith et al. 2002). However many choices an individual must 
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make, its ultimate goal is to improve its fitness or perhaps even that of its relatives 
(Maynard Smith 1964). 
While the process of decision-making among birds is not always apparent, the 
consequences of the decisions are demonstrated through studies of nest (Mayfield 1961, 
Dinsmore et al. 2002, Rotella et al. 2004) or fledgling (Gates and Gysel 1978, Magrath 
1991, Hasselquist et al. 1996) survival. The results of these studies also provide 
information about the strategies of birds as they select a nest location and attempt to 
successfully reproduce (Burger et al. 1995). Of particular interest are studies that provide 
further information about the life history of declining or little-known species, including 
the Mountain Plover (Charadrius montanus). 
Mountain Plovers 
The Mountain Plover is a shorebird of conservation concern that breeds in the 
Great Plains and the Great Basin (Knopf and Wunder 2006). Numbers of this species are 
thought to have been declining for several decades as a result of changes in land use and 
the grassland herbivore community (Knopf and Wunder 2006). Precise and accurate 
information about a national population trend is lacking (Andres and Stone 2009) and the 
most recent global population estimate is 15,000 to 20,000 individuals (Tipton et al. 
2009). 
Mountain Plovers are sexually monomorphic, drably-colored, and fairly large (90-
110 g) members of the family Charadriidae (Knopf and Wunder 2006). They have an 
uncommon uniparental care system where males and females tend separate nests (Lack 
1968, Graul 1973, Oring 1982, 1986). While both male and female Mountain Plovers 
tend individual nests unaided, and therefore have similar incubation and chick-rearing 
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responsibilities, it is thought that the males arrive first to the breeding grounds in early to 
mid-April, establish loose territories, and compete for females (Graul 1973). 
Long-term monitoring of this species in north-central Montana has allowed for 
studies comparing the effectiveness of the two sexes at separately raising young, showing 
evidence for differences in nest (Dinsmore et al. 2002) and brood (Dinsmore and Knopf 
2005) survival with male-tended nests and female-tended broods having greater success. 
This species is thought to be monogamous (Graul 1973), although there is some evidence 
of extra-pair copulation and possibly polygamy (Graul 1973). Breeding by one-year-old 
plovers has been documented for this species (Graul 1973), but some plovers in Montana 
are not found on a nest until they are several years old (pers. obs.) and the decisions 
behind this absence or delay are not clear. Do some individuals delay first breeding until 
age 2, are one-year-old plovers more mobile and difficult to detect on the breeding 
grounds, or do some birds spend their first breeding season elsewhere? 
There is still much to be learned about Mountain Plover breeding biology. While 
there has been much speculation about their uniparental care system and how it provides 
the opportunity for sequential polyandry (Graul 1975), no work has been done at the 
genetic level to examine it in further detail. The consequences of this species’ 
reproductive decisions can play a role at the evolutionary level and considering its current 
and future conservation status, any information about factors that can influence 
population persistence will be important to understand. 
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CHAPTER 2. AGE-SPECIFIC BREEDING PROBABILITIES FOR 
THE MOUNTAIN PLOVER (CHARADRIUS MONTANUS) 
A paper to be submitted to Ibis 
Paul D. B. Skrade and Stephen J. Dinsmore 
Abstract 
The age of first reproduction is important in both life-history theory and 
conservation biology because it can have a large impact on individual fitness, which in 
turn influences population dynamics. Evolutionary theory predicts that organisms should 
reproduce as early as they are capable of doing so, although there are potential tradeoffs 
if breeding is costly. The Mountain Plover (Charadrius montanus) is a shorebird of 
conservation concern that is physically capable of breeding at age one year, but not all 
individuals are believed to do so. This species also has an uncommon parental care 
system where males and females tend separate nests and so the costs of breeding are high 
for both sexes. We individually color-banded and resighted 850 flightless plover chicks 
during the breeding seasons of 1995 to 2010 in Phillips County, Montana. Of these, 115 
were found in the study area as adults with 38 individuals observed breeding at age one 
(33%). Seventeen females out of 41 resighted (42%) were found either tending a nest or 
brood at age one but only 13 males of 36 resighted (36%) reproduced as one-year-olds. 
We developed a set of closed robust design multi-state mark-resighting models in 
Program MARK to estimate the probability of breeding at age one or delaying breeding 
to a later age, and how this is influenced by an individual’s sex and environmental 
conditions. The model-averaged probability of a Mountain Plover breeding at age one is 
0.20 (SE = 0.05), which was not different than the probability of an older non-breeding 
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bird deciding to breed in any given year (0.18, SE = 0.04). Both sex and environmental 
conditions had weak effects on the decision of Mountain Plovers to breed but in general, 
females were more likely to be found breeding than males and plovers were more likely 
to breed in drier years than in wetter years. Our study provides needed information about 
the reproductive biology and population ecology of a species that has been in decline for 
more than four decades. 
Keywords: age of first reproduction, annual survival, Charadrius montanus, cost of 
breeding, Huggins model, Mountain Plover, multi-state 
Introduction 
During the course of its lifetime an organism must make decisions that impact its 
fitness, including the choice of whether or not to breed. Often there are consequences to 
selecting a breeding territory (Stamps et al. 2005), defending this territory (Pärt and 
Qvarnström 1997), and competing for a mate (Thomas and Székely 2005). These can 
impact an individual’s ability to successfully produce young, even within a breeding 
season, and have future impacts on survival and reproduction (Forslund and Pärt 1995). 
Some individuals delay their initial breeding for several years (Gratto 1988) while others 
choose not to breed in consecutive seasons, perhaps due to the physical demands of a 
prior attempt or because of poor environmental conditions leading up to that season 
(Jenouvrier et al. 2005). Despite the many decisions an individual must make, the 
ultimate goal is to improve its own fitness or that of a relative (Maynard Smith 1964). 
While the ultimate evolutionary goal is to reproduce, the first breeding attempt is 
often not successful (Cam and Monnat 2000). Several studies of birds and mammals have 
found evidence for lower reproductive success by first time breeders (Newton 1986) or 
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an increase in the probability of breeding after the first reproductive attempt (Boyd et al. 
1995, Cézilly et al. 1996), although this is not always the case. Kittiwakes (Rissa 
tridactyla) that nested for the first time had a lower probability of breeding in the 
following year than experienced nesters (Cam and Monnat 2000). This, and evidence of 
lowered survival of early-reproducing birds (Pyle et al. 1996), suggest that the first 
reproductive attempt is likely more costly than successive attempts. In general, for long-
lived species such as seabirds, delaying breeding can result in increased long-term 
reproductive success (Wooller et al. 1990). This may allow the individual to accumulate 
resources, giving them an advantage over early reproducers (Forslund and Pärt 1995). 
Alternatively, low-quality individuals may start breeding as soon as they are capable, 
because they may not have an opportunity to do so later (Lindén and Møller 1989). 
The Charadriiformes are a group of relatively long-lived species with varying 
strategies related to age of first breeding. In some species such as the Northern Lapwing 
(Vanellus vanellus), the majority of birds breed when one year old (Thompson et al. 
1994). A North American relative of the lapwing, the Mountain Plover (Charadrius 
montanus), has also been reported breeding during its first year (Graul 1973). However, 
delaying reproduction is not uncommon in Charadriiformes and at least two other 
shorebird species have been shown to postpone their first nesting attempt. Western 
Snowy Plovers (Charadrius alexandrinus) breeding in coastal California have been 
absent as one-year-olds and returned to their natal area to nest as two-year-olds (Colwell 
et al. 2007). Semipalmated Sandpipers (Calidris pusilla), while less closely related to 
plovers, sometimes delay their first breeding attempt until age four (Gratto 1988). It is 
likely that this pattern is more prevalent in shorebirds, but there are few detailed banding 
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studies. During a 14-year long-term study of Mountain Plovers in Montana, a total of 38 
plovers (16 males and 22 females) out of >750 total banded as chicks returned to nest the 
following year (Skrade and Dinsmore 2010). Plovers that were banded as chicks often 
were not detected for one or more years or returned to the study area but were not found 
nesting (pers. obs.). These observations suggest that delayed reproduction might be a 
strategy employed by this species. We were interested in estimating the probability of a 
hatch-year bird breeding at age one and if this was the same for male and female plovers 
or affected by environmental conditions (Dinsmore 2008). Mountain Plovers have an 
uncommon parental care system where males and females tend separate nests (Graul 
1973). In this system, males arrive first to the breeding grounds, establish territories and 
court females, and after mating the female lays three eggs for the male which he 
incubates and tends the resulting chicks (Knopf and Wunder 2006). The female then 
establishes her own territory and tends eggs and chicks of her own nest (Knopf and 
Wunder 2006). Our long-term study of banded Mountain Plovers in Montana provided a 
rare opportunity to model possible behavioral differences between males and females, 
and to examine what affected the decision to first attempt to breed. 
Methods 
Study area and field data collection. 
We studied a population of Mountain Plovers during 16 breeding seasons (1995–
2010) in an approximately 3,000-km
2
 area located in southern Phillips County in north-
central Montana (47°40′–47°55′N, 107°35′–108°30′W), described in detail by Dinsmore 
et al. (2002). This population of Mountain Plovers nests almost exclusively on black-
tailed prairie dog (Cynomys ludovicianus) colonies. Field work began in mid-May and 
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continued until the end of the birds’ breeding season, usually late July or early August. 
Nest searching and monitoring and capture, handling, and banding techniques were 
similar across years and followed those described by Dinsmore et al. (2002). In brief, all 
prairie dog colonies were surveyed for plovers a minimum of three times during each 
field season following a robust design (Kendall et al. 1995, 1997), at least once during 
each of three secondary sampling periods (20 May – 10 June, 11 June – 30 June, and 1 
July – 20 July) nested within the breeding season (the primary sampling period). Adult 
plovers were identified from a distance and examined to see if they had been previously 
banded and were determined whether or not to be breeding (attending a nest or brood). 
Hatch-year plovers were captured by hand using a dip net. Measurements of captured 
hatch-year plovers were taken and the birds were individually marked with a unique four 
color leg band combination and USGS aluminum band for subsequent resighting. 
Mountain Plovers are sexually monomorphic, so sex was molecularly determined from 
feather or blood samples (Avian Biotech International, Tallahassee, Florida) using 
techniques outlined in Dinsmore et al. (2002). This work was conducted under Iowa State 
University’s Institutional Animal Care and Use Committee protocol number 5-06-6129-
Q. 
Multi-state modeling. 
We used a four-state Huggins closed robust design (Huggins 1989, 1991) multi-
state model in Program MARK (White and Burnham 1999, Cooch and White 2011) to 
estimate breeding probabilities and survival rates (Brownie et al. 1993, White et al. 
2006). This model estimates annual survival (S), conditional capture (p) and recapture (c) 
probabilities (that is, that a previously marked bird was alive and in the sampling area), as 
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well as the probability of transitioning from one state to another (  . We created an 
encounter history for each plover and designated whether it was a hatch-year bird (H), 
breeding at age one (F), first bred at a later age (B), or was present but not breeding in 
that year (N). A bird was considered breeding if it was found tending a nest or a brood or 
had been previously classified as a breeder in a previous season. This conservative 
definition likely underestimated the probability of breeding because of undetected nests 
or unsuccessful pairings, but it prevented overestimation due to possible 
misinterpretations of behaviors of non-breeding birds. 
Using a similar approach to Dinsmore (2008), which followed the suggestions of 
Pollock et al. (1990) and Burnham and Anderson (2002), we developed a list of a priori 
factors we predicted would influence one or more of the parameters described above. Our 
general approach to modeling was hierarchical and included three steps that each 
involved ranking models by second order Akaike’s Information Criterion (AICc) values 
(Akaike 1973, Burnham and Anderson 2002). We first modeled the conditional capture 
and recapture probabilities keeping all other parameters constant, then modeled survival 
using the top models from the first stage, and finally modeled the probabilities of first 
breeding using the top models from the second stage. To model conditional capture and 
recapture probabilities we assigned all hatch-year plovers to the third secondary sampling 
period and so did not estimate p
H
 or c
H
. We varied p and c for breeding and non-breeding 
plovers, allowing models where p = c and others with an added constant. Ultimately we 
had three competitive models (<2 ΔAICc from the top model) with different arrangements 
of p’s and c’s, but all three had similar structures of p
1
 = p
2
 ≠ p
3
 within the primary 
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sampling period and c
1
 ≠ c
2
 except in two models c
N1
 = c
N2
. The three competitive 
models were moved forward to model annual survival (S). 
 We began modeling S with a reference model of annual survival using the factors 
that Dinsmore (2008) found important. These included the effect of log10(mass) of the 
plover chick at capture on juvenile survival and combinations of the additive effects of 
sex and PMDI (Palmer Modified Drought Index, a measurement of environmental 
condition that incorporates recent precipitation and temperature; Heddinghause and Sabol 
1991) on adult annual survival. Similar to other ground-nesting shorebirds, Mountain 
Plover chicks have very high mortality during the first ten days after hatch, and age is 
strongly correlated with body mass. This population of Mountain Plovers spends half of 
their annual cycle (April–September) in Montana and previous findings suggest that 
environmental conditions at this site positively impact survival. Although Dinsmore 
(2008) only found weak evidence of sex differences on apparent annual survival, because 
Mountain Plovers have different roles in courtship and territory defense, we included the 
effect of sex. The six competitive models (<2.0 ΔAICc from the top model) from this step 
were then moved forward to model breeding state transitions. 
Based on our definitions of breeding states, some state transitions were 
biologically impossible and their probabilities were fixed to zero (Figure 1). For example, 
a breeding plover that was >2 years old (B) could not revert back to an age one breeder 
(F). These nonsensical state transitions included    ,     ,    ,    ,    ,    ,    , 
   ,    , and    . We further assumed that once a bird was assigned to the breeding 
states B or F that they would attempt to breed in all subsequent breeding seasons and so 
two other state transitions,     and    , were fixed to 1.0. Thus, our final model 
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consisted of four states, the transitions between states, and estimates of annual survival 
and conditional capture and recapture probabilities (Figure 1). We modeled all possible 
combinations of   ,    , and     and the additive effects of sex and PMDI on these 
state transitions. We anticipated multiple competitive models (<2.0 ΔAICc from the top 
model) from the final modeling stage and so model averaged any parameter estimates of 
interest. 
Results 
Of the 850 Mountain Plovers banded as chicks during the fifteen banding seasons, 
115 were found in the study area as adults (≥1 year old) with 38 individuals confirmed 
breeding at age one (33%), 28 delayed breeding until age 2+, and 49 were never found 
tending a nest or brood. Seventeen of 41 resighted females (42%) bred at age one while 
only thirteen of 36 resighted males (36%) bred at age one. Thirty-eight plovers of 
unknown sex were resighted as adults but only 8 (21%) were found tending a nest or 
brood. There were seven competitive multi-state models in the final stage (Table 1; see 
Appendix for complete model results) and after model-averaging we found that the 
probability of breeding at age one (   ) was 0.20 (SE = 0.05), which was similar to the 
probability of a plover delaying breeding until age 2+ (    = 0.18, SE = 0.04). Females 
were slightly more likely to breed than males because there was a very weak effect of sex 
on the state transitions from non-breeding to breeding in one of the competitive models 
(βѰ(Sex) = -0.13, SE = 0.20, 95% CI -0.52, 0.25). There was also a weak effect of 
environmental conditions on breeding state transitions, with Mountain Plovers more 
likely to breed in drier conditions (βѰ(PMDI) = -0.09, SE = 0.08, 95% CI -0.26, 0.07).  
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 The model-averaged annual survival rate of hatch-year plovers (H) from hatch to 
age one was 0.08 (SE = 0.02). Model-averaged annual survival rates of breeding birds, 
both those that nested at age one year (F) and age two plus (B) were low (S = 0.43, SE = 
0.05), and were the highest for non-breeding plovers (average S = 0.55, SE = 0.07), 
although the non-breeding survival rate was affected by drought conditions and was more 
variable. The effect of sex on non-breeding adult survival was included in one of the final 
competitive models although it was estimated poorly ( βS(Sex) = 0.06, SE = 0.23, 95% CI -
0.38, 0.50). Similarly, the PMDI effect was also present in competitive models of adult 
survival (the strongest effect was on the annual survival of non-breeding adult plovers), 
with increasing moisture having a negative effect on apparent survival (βS(PMDI) = -0.26, 
SE = 0.12, 95% CI -0.49, -0.02). 
The probability of initially detecting a breeding Mountain Plover (p
F
 or p
B
) was 
0.44 (SE = 0.05) during the first two sampling periods and was lower during the third 
sampling period (0.35, SE = 0.07). However, the probability of subsequently resighting a 
breeding plover (c
F
 or c
B
), after it had been initially detected during a breeding season, 
was 0.68 (SE = 0.05) during the second sampling period and 0.59 (SE = 0.05) in the third 
sampling period. The initial detection probability was very low for non-breeding 
Mountain Plovers during all three sampling periods (p
N1
 = p
N2
 = 0.07, SE = 0.02; p
N3
 = 
0.08, SE = 0.02) although the subsequent probability of resighting a non-breeding bird 
was higher during both the second and third sampling periods (c
N1
 = c
N2
 = 0.18, SE = 
0.04). 
Discussion 
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While reproducing at an early age can result in an increase in fitness and lifetime 
reproductive success, delaying breeding can be favorable if the costs of reproducing early 
(such as reduced survival or limited future reproduction) outweigh the benefits. Similar to 
other species of shorebirds (Wilcox 1959, Hildén 1978, Pienkowski 1984, Schamel and 
Tracy 1991, Thompson et al. 1994, James 1995), Mountain Plovers are capable of 
breeding at one year of age but according to our model most (approximately 80%) do not. 
However, this estimate is essentially the same as the probability of an older non-breeding 
adult deciding to breed for the first time in any given year. Although the effect of 
precipitation and temperature on probability of breeding was present in the second 
highest-ranked model, the effect was not estimated well and it is likely that there are 
other environmental factors involved in a plover’s decision to breed. To further 
complicate matters, our estimates of breeding probabilities may be biased low because 
we selected a conservative designation for breeding by only assigning birds to breeding 
states (F and B) if they were found tending eggs or chicks. A more thorough analysis of 
breeding probabilities should incorporate the probability of correctly identifying a 
breeding bird with some estimate of detecting a nest, similar to the misclassification bias 
Kendall et al. (2003) reported in breeding manatees. In this study, female manatees were 
misclassified as non-breeders but by using the multiple capture sessions within sampling 
periods the researchers were able to develop a method to adjust estimates to correct for 
the bias due to misclassification. 
The “decision” to breed may not be completely up to an individual. A bird’s 
opportunities for reproduction may be controlled at the population level, (e.g. mates or 
available nesting habitat may be limited, Pradel and Lebreton 1999). In these cases, 
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young birds may not be able to breed and studies have found that experienced birds tend 
to initiate nesting earlier (Nol and Smith 1987) and select the higher quality habitat. In 
our study system, availability of suitable nesting habitat does not seem to be a limiting 
factor (pers. obs.). In some breeding seasons the epizootic sylvatic plague completely 
eliminates prairie dog colonies that had previously been available for nesting (Collinge et 
al. 2005, Pauli et al. 2006) and in these years the nesting density of Mountain Plovers 
increases on non-plague colonies but there does not appear to be a decrease in the number 
of birds attempting to nest (pers. obs.). Both male and female Mountain Plovers have a 
high degree of parental involvement and it would be surprising if there was a strong 
difference between the decisions of either sex to breed. However, in each year the 
probability that a bird will breed for the first time is low, and the same for first-year and 
older birds. This suggests there is a constraint of some sort that may be outside of their 
control. If female plovers are able to distinguish male birds that are attempting to breed 
for the first time, it may be that the decision to reproduce is not up to the males. To 
answer this, further research must be conducted to determine who the mother is of male-
incubated nests, and to see if perhaps one-year-old females are producing eggs for males 
but not creating a nest of their own, allowing them to increase their fitness and 
accumulate breeding experience without the costs of incubating eggs and tending young. 
Apparent annual survival rates of Mountain Plovers in this study varied by age 
and by breeding state. The estimated apparent annual survival rate of Mountain Plover 
chicks from hatch until one-year in this study is consistent with the previously reported 
rate (Dinsmore 2008). However, the estimated apparent annual survival rates of adult 
plovers in this study are much lower than the rates previously published (0.68 in 
17 
 
 
 
Dinsmore et al. 2003, and 0.74 to 0.96 in Dinsmore 2008). The previous studies of annual 
survival with this population included many of the same individuals, but were not limited 
to birds that entered the population as chicks as with this study. While we add four more 
years of data in this study, there are still 545 birds that were excluded from this analysis 
because they were banded as adults. However, this does not entirely explain the 
discrepancy, because the differences are in adult survival. One possible explanation is 
that the variable environmental conditions may directly impact individuals by lowering 
survival through either low food availability or intense precipitation, or by indirectly 
affecting apparent survival by influencing dispersal. In this region precipitation can have 
a negative effect on nest survival (Dinsmore et al. 2002), which in turn is linked to 
dispersal from the area the following year (Skrade and Dinsmore 2010), and so birds that 
appear to have died may have instead emigrated. In the previous studies of annual 
survival temporary emigration was accounted for in analyses of adult survival (Dinsmore 
et al. 2003, Dinsmore 2008). Our study was conducted over a longer time period than the 
previous studies, and so would provide more opportunities to detect birds that are 
unobservable, either because they have temporarily left the study area or they have 
moved to one of the few small prairie dog colonies that are not surveyed. However, with 
the multi-state analysis described above it was not possible to account for birds that were 
alive but unobservable and estimate probabilities of temporary emigration. As a result, 
the estimated apparent survival rates are likely biased low. 
Although the survival rates are lower than expected, the pattern they exhibit fits 
our predictions. The lower annual survival rates of breeding birds vs. non-breeding birds 
suggest that breeding is a costly activity (Golet et al. 1998, Hartke et al. 2006). This 
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might also suggest that there is an advantage to delaying breeding, especially since the 
probability of first breeding in any year is so similar for one-year-old birds and older 
individuals. However, the model-averaged survival rates of breeding birds, both one-
year-old breeders and older, were similar and so the costs for breeding at an early age 
may not be that much greater. Instead, breeding at any age may reduce survival (Wooller 
and Coulson 1977). The next logical step is to examine the relationship between breeding 
state and reproductive success. This could be done by modeling nest survival rates of 
only individuals that were known to have previously bred to see how they differ, 
although the results will likely differ from the previously published nest survival rates 
because they come from a much smaller sample. 
The parental care system of the Mountain Plover provides a rare opportunity to 
examine the decision to breed, largely because it is easy to define “breeding” for each 
sex. Once incubation begins both males and females have the same role and the same 
relative costs associated with breeding (Graul 1973). In most other species it is difficult 
to examine the male’s decision to breed and the costs he must undergo because it is not 
always possible to define a male as a “breeder” or the  male is not directly involved in 
parental care (Hanssen et al. 2005, Hartke et al. 2006). However, in this uniparental 
system where both males and females have the same responsibilities, we can better 
understand the costs associated with that decision to first breed and understand why such 
a small proportion chooses to do so each year. 
Mountain Plovers have adapted to breed in a variable environment that can 
experience very wet and very dry years, with temperatures ranging from <0°C to >40°C 
in a single season (National Oceanic & Atmospheric Administration National Climatic 
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Data Center, Asheville, NC). The parental care system of this species, with eggs divided 
among multiple nests, is thought to be an adaptation to deal with this stochasticity (Graul 
1973). Long-term mark-recapture studies provide a better opportunity for detecting trends 
that might not be obvious with only a few years of data (Townsend and Anderson 2007). 
The long-term nature of this study meant that several years of variable precipitation and 
temperature conditions were included in the analysis. Although the effect of 
environmental conditions was only included in one of the competitive models of state 
transitions, the negative trend to the effect fit with what we predicted, that Mountain 
Plovers would be more likely to breed in drier conditions. This study provides further 
information about the breeding biology of a shorebird with an uncommon parental care 
system. Our results, including the probabilities of breeding in relation to environmental 
conditions, can be used by conservation biologists interested in modeling population 
persistence in an environment that is predicted to experience even more changeable 
weather in the future (Price and Rind 1994). 
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Table 
Table 1. Model selection results from three stages of hierarchical modeling of Mountain 
Plover (Charadrius montanus) apparent survival (S), probability of transitioning to a 
breeding state ( ), and conditional capture (p) and recapture (c) probabilities in Phillips 
County, Montana, 1995–2010. H, N, F, and B represent breeding states “hatch year”, 
“non-breeding”, “breeding at age one”, and “breeding at ≥2 years” respectively. p
F12
 = 
p
B12
 means that the probability of first encountering a breeding one-year-old bird in the 
first two sampling periods is the same as the probability of first encountering an older 
breeding bird in those periods. SH represents the probability of a hatch year plover 
surviving to age one and     is the probability of a non-breeding plover breeding at ≥2 
years of age. Stage 1 modeled conditional capture and recapture probabilities with all 
other parameters held constant. In Stage 2 the competitive models from Stage 1 were then 
used to model apparent annual survival with covariates that include log10 body mass 
(logmass) on juvenile survival, the influence of a Palmer Modified Drought Index 
(PMDI), and differences between males and females (Sex). Stage 3 then used the 
competitive models from Stage 2 to model the probability of birds breeding at age one or 
a later age by modeling state transitions. ΔAICc is the difference in AICc values from the 
top model, wi is the Akaike weight, and K is the number of parameters in the model. Only 
competitive models (<2.0 ΔAICc from the top model) are reported. 
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d
 The AICc value of the best model was 1879.33. 
e
 (A) is the top model from Stage 2. 
Stage 1 
    Model ΔAICc
a 
wi K 
(1) p
F12
 = p
B12
 ≠ p
F3
 = p
B3
 ≠ p
N123
, c
F1
= c
B1
 ≠ c
F2
= c
B2
 ≠ c
N12
 0 0.36 6 
(2) p
F12
 = p
B12
 ≠ p
F3
 = p
B3
 ≠ p
N12
 ≠ p
N3
, c
F1
= c
B1
 ≠ c
F2
= c
B2
 ≠ c
N1 
 ≠ c
N2
 1.82 0.15 7 
(3) p
F12
 = p
B12
 ≠ p
F3
 = p
B3
 ≠ p
N12
 ≠ p
N3
, c
F1
= c
B1
 ≠ c
F2
= c
B2
 ≠ c
N12
 1.85 0.14 7 
a
 The AICc value of the best model was 1925.21. 
       
Stage 2 
   Model ΔAICc
b 
wi K 
(A) SH(logmass) SF(.) = SB(.) ≠ SN(PMDI), (1)
c
 0 0.18 10 
(B) SH(logmass) SF(.) = SB(.) ≠ SN(PMDI), (2) 1.81 0.07 11 
(C) SH(logmass) SF(.) = SB(.) ≠ SN(PMDI), (3) 1.97 0.07 11 
(D) SH(logmass) SF(.) = SB(.) ≠ SN(Sex*PMDI), (1) 1.97 0.07 11 
b
 The AICc value of the best model was 1879.33.    
c
 Numbers in parentheses refer to numbers of models in Stage 1. 
       
Stage 3 
   Model ΔAICc
d 
wi K 
(A)
e
 0 0.10 10 
(A),    (PMDI) 0.77 0.07 11 
(A),    (Sex) 1.58 0.05 11 
(A),      ≠      1.59 0.05 11 
(B) 1.81 0.04 11 
(C) 1.97 0.04 11 
(D) 1.97 0.04 11 
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Figure 
Figure 1.Visual representation of Huggins’ closed robust design multi-state model of 
Mountain Plover (Charadrius montanus) breeding probabilities. H, N, F, and B represent 
breeding states “hatch year”, “non-breeding”, “breeding at age one”, and “breeding at ≥2 
years” respectively. As an example, p
N2
 is the probability of detecting a non-breeding 
plover for the first time in the second of three sampling periods within a field season. 
Similarly, c
F2
 is the probability of resighting a plover in the third sampling period that 
had already been documented breeding at age one at some point earlier in that field 
season. SH represents the probability of a hatch year plover surviving to age one and     
is the probability of a non-breeding plover breeding at ≥2 years of age. The state 
transitions    ,     ,    ,    ,    ,    ,    ,    ,    , and     were fixed to 
zero and the transitions     and     were fixed to 1.0.  
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Appendix 
Appendix. Model selection results from three stages of hierarchical modeling of 
Mountain Plover (Charadrius montanus) apparent survival (S), probability of 
transitioning to a breeding state ( ), and conditional capture (p) and recapture (c) 
probabilities in Phillips County, Montana, 1995–2010. H, N, F, and B represent breeding 
states “hatch year”, “non-breeding”, “breeding at age one”, and “breeding at ≥2 years” 
respectively. 
a
 The AICc value of the best model was 1925.21. 
b
 The AICc value of the best model was 1879.33. 
c
 Numbers in parentheses refer to numbers of models in Stage 1. 
d
 The AICc value of the best model was 1879.33. 
e
 (A) is the top model from Stage 2  
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Stage 1    
Model ΔAICc
a
 wi K 
(1) p(FB N 12 3) c(FB 1 2 N) 0.00 0.36 6 
(2) p(FB N 12 3) c(FB N 1 2) 1.81 0.15 7 
(3) p(FB N 12 3) c(FB 1 2 N) 1.85 0.14 7 
p(FB N 12 3) c(FB 1 2 N 1 2) 2.01 0.13 7 
p(FB N 12 3) c(FB N 1 2) 2.54 0.10 8 
p(FB 12 3 N 1 2 3) c(FB 1 2 C N 1 2) 4.29 0.04 9 
p(F 12 3 N 12 3 B 12 3) c(F N B) 4.70 0.03 11 
p(F 12 3 N 12 3 B 12 3) c(F 1 2 N 1 2 B 1 2) 5.72 0.02 11 
p(FB 1 2 3 N 1 2 3) c(FB 1 2 N 1 2) 5.86 0.02 10 
p(F123 N123 B123 c(F12 N12 B12) 10.67 0.00 13 
p(F 1 2 3 N 1 2 3 B 1 2 3) c(F 1 2 N 1 2 B 1 2) 11.15 0.00 14 
p(FB N 12) c(FB N 1 2) 13.09 0.00 7 
p(F123 N123 B123) c(F12 N12 B12) 15.75 0.00 17 
p(F123 N123 B123) c(F12 N12 B12) 17.82 0.00 18 
p(FB 12 3 N 1 2 3) c(FB 1 2 N 1 2) 33.23 0.00 8 
p(FB N) c(.) 57.13 0.00 5 
p(N123 FB) c(.) 60.37 0.00 7 
p(F123 N123 B123) c(.) 63.92 0.00 13 
p(N12 FB) c(.) 93.98 0.00 5 
p(FN B) c(.) 95.03 0.00 5 
p(F12 F3NB) c(.) 98.03 0.00 5 
p(F1 F23NB) c(.) 98.08 0.00 5 
p(N13 FB) c(.) 99.00 0.00 5 
p(N1 FB) c(.) 99.64 0.00 5 
p(F1N1B1 F23N23B23) c(.) 99.68 0.00 5 
p(F123 NB) c(.) 99.70 0.00 7 
p(FB N23) c(.) 102.29 0.00 5 
p(.) c(.) 102.36 0.00 4 
p(FB N2) c(.) 102.80 0.00 5 
p(F23 F1NB) c(.) 102.80 0.00 5 
p(F NB) c(.) 102.94 0.00 5 
p(F13 F2NB) c(.) 103.62 0.00 5 
p(FB N3) c(.) 104.30 0.00 5 
p(. c(.)) 221.31 0.00 3 
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Stage 2    
Model ΔAICc
b
 wi K 
(A)SH(Log10Mass) SFB(.) SN(PMDI)1
c
 0.00 0.18 10 
(B)SH(Log10Mass) SFB(.) SN(PMDI)2 1.81 0.07 11 
(C)SH(Log10Mass) SFB(.) SN(PMDI)3 1.96 0.07 11 
(D)SH(Log10Mass) SFB(.) SN(SexPMDI)1 1.97 0.07 11 
SH(Log10Mass) SF(PMDI) SN(PMDI) SB(PMDI)1 2.18 0.06 13 
SH(Log10Mass) SF(PMDI) SN(PMDI) SB(Sex)1 3.32 0.03 13 
SH(Log10Mass) SFNB(PMDI)1 3.62 0.03 9 
SH(Log10Mass) SFB(.) SN(SexPMDI)2 3.78 0.03 12 
SH(Log10Mass) SFB(.) SN(SexPMDI)3 3.93 0.02 12 
SH(Log10Mass) SFB(Sex) SN(SexPMDI)1 3.99 0.02 12 
SH(Log10Mass) SFB(PMDI) SN(SexPMDI)1 4.00 0.02 12 
SH(Log10Mass) SF(PMDI) SN(PMDI) SB(PMDI)2 4.00 0.02 14 
SH(Log10Mass) SFB(SexPMDI) SN(PMDI)1 4.04 0.02 12 
SH(Log10Mass) SF(PMDI) SN(PMDI) SB(PMDI)3 4.16 0.02 14 
SH(Log10Mass) SF(Sex) SN(PMDI) SB(PMDI)1 4.28 0.02 13 
SH(Log10Mass) SF(PMDI) SN(PMDI) SB(Sex)2 5.15 0.01 14 
SH(Log10Mass) SF(Sex) SN(PMDI) SB(Sex)1 5.29 0.01 13 
SH(Log10Mass) SF(PMDI) SN(PMDI) SB(Sex)3 5.30 0.01 14 
SH(Log10Mass) SFNB(PMDI)2 5.47 0.01 10 
SH(Log10Mass) SFB(.) SN(Sex)1 5.53 0.01 10 
SH(Log10Mass) SFNB(SexPMDI)1 5.54 0.01 10 
SH(Log10Mass) SFNB(PMDI)3 5.61 0.01 10 
SH(Log10Mass) SFNB(.)1 5.75 0.01 8 
SH(Log10Mass) SFB(Sex) SN(SexPMDI)2 5.81 0.01 13 
SH(Log10Mass) SFB(PMDI) SN(SexPMDI)2 5.82 0.01 13 
SH(Log10Mass) SFB(SexPMDI) SN(PMDI)2 5.86 0.01 13 
SH(Log10Mass) SF(SexPMDI) SN(PMDI ) SB(SexPMDI)1 5.92 0.01 15 
SH(Log10Mass) SFB(Sex) SN(SexPMDI)3 5.96 0.01 13 
SH(Log10Mass) SFB(PMDI) SN(SexPMDI)3 5.97 0.01 13 
SH(Log10Mass) SFB(SexPMDI) SN(PMDI)3 6.02 0.01 13 
SH(Log10Mass) SFB(SexPMDI) SN(SexPMDI)1 6.02 0.01 13 
SH(Log10Mass) SF(PMDI) SN(SexPMDI) SB(SexPMDI)1 6.03 0.01 15 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI) SB(PMDI)1 6.07 0.01 15 
SH(Log10Mass) SF(Sex) SN(PMDI) SB(PMDI)2 6.10 0.01 14 
SH(Log10Mass) SF(Sex) SN(PMDI) SB(PMDI)3 6.25 0.01 14 
SH(Log10Mass) SF(Sex) SN(PMDI) SB(Sex)2 7.11 0.01 14 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI ) SB(Sex)1 7.23 0.00 15 
SH(Log10Mass) SF(Sex) SN(PMDI) SB(Sex)3 7.26 0.00 14 
SH(Log10Mass) SFB(.) SN(Sex)2 7.35 0.00 11 
SH(Log10Mass) SFNB(SexPMDI)2 7.39 0.00 11 
SH(Log10Mass) SF(PMDI) SN(Sex) SB(PMDI)1 7.44 0.00 13 
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SH(Log10Mass) SFB(.) SN(Sex)3 7.51 0.00 11 
SH(Log10Mass) SFNB(SexPMDI)3 7.53 0.00 11 
SH(Log10Mass) SFNB(.)2 7.60 0.00 9 
SH(Log10Mass) SFNB(Sex)1 7.71 0.00 9 
SH(Log10Mass) SFNB(.)3 7.74 0.00 9 
SH(Log10Mass) SF(SexPMDI) SN(PMDI) SB(SexPMDI)2 7.76 0.00 16 
SH(Log10Mass) SFB(SexPMDI) SN(SexPMDI)2 7.85 0.00 14 
SH(Log10Mass) SF(PMDI) SN(SexPMDI) SB(SexPMDI)2 7.86 0.00 16 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI) SB(PMDI)2 7.90 0.00 16 
SH(Log10Mass) SF(SexPMDI) SN(PMDI) SB(SexPMDI)3 7.91 0.00 16 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI ) SB(SexPMDI)1 7.92 0.00 16 
SH(Log10Mass) SFB(SexPMDI) SN(SexPMDI)3 8.00 0.00 14 
SH(Log10Mass) SF(PMDI) SN(SexPMDI) SB(SexPMDI)3 8.02 0.00 16 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI) SB(PMDI)3 8.06 0.00 16 
SH(Log10Mass) SF(Sex) SN(SexPMDI) SB(SexPMDI)1 8.14 0.00 15 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI) SB(Sex)2 9.07 0.00 16 
SH(Log10Mass) SF(PMDI) SN(Sex) SB(Sex)1 9.16 0.00 13 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI) SB(Sex)3 9.22 0.00 16 
SH(Log10Mass) SF(Sex) SN(Sex) SB(PMDI)1 9.23 0.00 13 
SH(Log10Mass) SF(PMDI) SN(Sex) SB(PMDI)2 9.27 0.00 14 
SH(Log10Mass) SF(PMDI) SN(Sex) SB(PMDI)3 9.43 0.00 14 
SH(Log10Mass) SFNB(Sex)2 9.56 0.00 10 
SH(Log10Mass) SFB(SexPMDI) SN(Sex)1 9.57 0.00 12 
SH(Log10Mass) SFNB(Sex)3 9.71 0.00 10 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI) SB(SexPMDI)2 9.76 0.00 17 
SH(Log10Mass) SF(SexPMDI) SN(SexPMDI) SB(SexPMDI)3 9.91 0.00 17 
SH(Log10Mass) SF(Sex) SN(SexPMDI) SB(SexPMDI)2 9.97 0.00 16 
SH(Log10Mass) SF(Sex) SN(SexPMDI) SB(SexPMDI)3 10.12 0.00 16 
SH(Log10Mass) SF(Sex) SN(Sex) SB(Sex)1 10.78 0.00 13 
SH(Log10Mass) SF(PMDI) SN(Sex) SB(Sex)2 10.98 0.00 14 
SH(Log10Mass) SF(Sex) SN(Sex) SB(PMDI)2 11.06 0.00 14 
SH(Log10Mass) SF(PMDI) SN(Sex) SB(Sex)3 11.14 0.00 14 
SH(Log10Mass) SF(SexPMDI) SN(Sex) SB(SexPMDI)1 11.19 0.00 15 
SH(Log10Mass) SF(Sex) SN(Sex) SB(PMDI)3 11.22 0.00 14 
SH(Log10Mass) SFB(SexPMDI) SN(Sex)2 11.40 0.00 13 
SH(Log10Mass) SFB(SexPMDI) SN(Sex)3 11.55 0.00 13 
SH(Log10Mass) SF(Sex) SN(Sex) SB(Sex)2 12.60 0.00 14 
SH(Log10Mass) SF(Sex) SN(Sex) SB(Sex)3 12.76 0.00 14 
SH(Log10Mass) SF(SexPMDI) SN(Sex) SB(SexPMDI)2 13.04 0.00 16 
SH(Log10Mass) SF(SexPMDI) SN(Sex) SB(SexPMDI)3 13.20 0.00 16 
1 45.88 0.00 6 
2 47.69 0.00 7 
3 47.73 0.00 7 
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Stage 3    
Model ΔAICc
d
 wi K 
A
e
 0.00 0.10 10 
Psi(PMDI)A 0.77 0.07 11 
Psi(Sex)A 1.58 0.05 11 
PsiHF(.) PsiNB(.)A 1.58 0.05 11 
B 1.81 0.04 11 
C 1.96 0.04 11 
D 1.97 0.04 11 
PsiHF(PMDI) PsiNB(.)A 2.31 0.03 12 
Psi(SexPMDI)A 2.43 0.03 12 
Psi(PMDI)B 2.57 0.03 12 
Psi(PMDI)C 2.72 0.03 12 
Psi(PMDI)D 2.74 0.03 12 
PsiHF(.) PsiNB(PMDI)A 3.10 0.02 12 
PsiHF(.) PsiNB(Sex)A 3.33 0.02 12 
Psi(Sex)B 3.39 0.02 12 
PsiHF(.) PsiNB(.)B 3.41 0.02 12 
PsiHF(Sex) PsiNB(.)A 3.47 0.02 12 
Psi(Sex)D 3.54 0.02 12 
Psi(Sex)C 3.54 0.02 12 
PsiHF(.) PsiNB(.)D 3.55 0.02 12 
PsiHF(.) PsiNB(.)C 3.56 0.02 12 
PsiHF(PMDI) PsiNB(PMDI)A 3.86 0.01 13 
PsiHF(PMDI) PsiNB(Sex)A 4.09 0.01 13 
PsiHF(PMDI) PsiNB(.)B 4.13 0.01 13 
Psi(SexPMDI)B 4.24 0.01 13 
PsiHF(SexPMDI) PsiNB(.)A 4.25 0.01 13 
PsiHF(PMDI) PsiNB(.)D 4.28 0.01 13 
PsiHF(PMDI) PsiNB(.)C 4.28 0.01 13 
Psi(SexPMDI)C 4.39 0.01 13 
Psi(SexPMDI)D 4.39 0.01 13 
PsiHF(.) PsiNB(SexPMDI)A 4.88 0.01 13 
PsiHF(.) PsiNB(PMDI)B 4.93 0.01 13 
PsiHF(Sex) PsiNB(PMDI)A 4.99 0.01 13 
PsiHF(.) PsiNB(PMDI)D 5.07 0.01 13 
PsiHF(.) PsiNB(PMDI)C 5.08 0.01 13 
PsiHF(.) PsiNB(Sex)B 5.15 0.01 13 
PsiHF(Sex) PsiNB(Sex)A 5.21 0.01 13 
PsiHF(.) PsiNB(Sex)D 5.22 0.01 13 
PsiHF(Sex) PsiNB(.)B 5.30 0.01 13 
PsiHF(.) PsiNB(Sex)C 5.31 0.01 13 
PsiHF(Sex) PsiNB(.)C 5.45 0.01 13 
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PsiHF(Sex) PsiNB(.)D 5.47 0.01 13 
PsiHF(PMDI) PsiNB(SexPMDI)A 5.67 0.01 14 
PsiHF(PMDI) PsiNB(PMDI)B 5.68 0.01 14 
PsiHF(SexPMDI) PsiNB(PMDI)A 5.80 0.01 14 
PsiHF(PMDI) PsiNB(PMDI)D 5.83 0.01 14 
PsiHF(PMDI) PsiNB(PMDI)C 5.83 0.01 14 
PsiHF(PMDI) PsiNB(Sex)B 5.91 0.01 14 
PsiHF(PMDI) PsiNB(Sex)D 5.98 0.01 14 
PsiHF(SexPMDI) PsiNB(Sex)A 6.02 0.00 14 
PsiHF(PMDI) PsiNB(Sex)C 6.06 0.00 14 
PsiHF(SexPMDI) PsiNB(.)B 6.07 0.00 14 
PsiHF(SexPMDI) PsiNB(.)C 6.23 0.00 14 
PsiHF(SexPMDI) PsiNB(.)D 6.24 0.00 14 
PsiHF(.) PsiNB(SexPMDI)B 6.71 0.00 14 
PsiHF(Sex) PsiNB(SexPMDI)A 6.77 0.00 14 
PsiHF(.) PsiNB(SexPMDI)D 6.79 0.00 14 
PsiHF(Sex) PsiNB(PMDI)B 6.82 0.00 14 
PsiHF(.) PsiNB(SexPMDI)C 6.87 0.00 14 
PsiHF(Sex) PsiNB(PMDI)C 6.97 0.00 14 
PsiHF(Sex) PsiNB(PMDI)D 6.99 0.00 14 
PsiHF(Sex) PsiNB(Sex)B 7.04 0.00 14 
PsiHF(Sex) PsiNB(Sex)D 7.15 0.00 14 
PsiHF(Sex) PsiNB(Sex)C 7.19 0.00 14 
PsiHF(PMDI) PsiNB(SexPMDI)B 7.50 0.00 15 
PsiHF(PMDI) PsiNB(SexPMDI)D 7.58 0.00 15 
PsiHF(SexPMDI) PsiNB(SexPMDI)A 7.62 0.00 15 
PsiHF(SexPMDI) PsiNB(PMDI)B 7.63 0.00 15 
PsiHF(PMDI) PsiNB(SexPMDI)C 7.65 0.00 15 
PsiHF(SexPMDI) PsiNB(PMDI)C 7.78 0.00 15 
PsiHF(SexPMDI) PsiNB(PMDI)D 7.80 0.00 15 
PsiHF(SexPMDI) PsiNB(Sex)B 7.85 0.00 15 
PsiHF(SexPMDI) PsiNB(Sex)D 7.96 0.00 15 
PsiHF(SexPMDI) PsiNB(Sex)C 8.01 0.00 15 
PsiHF(Sex) PsiNB(SexPMDI)B 8.61 0.00 15 
PsiHF(Sex) PsiNB(SexPMDI)D 8.72 0.00 15 
PsiHF(Sex) PsiNB(SexPMDI)C 8.76 0.00 15 
PsiHF(SexPMDI) PsiNB(SexPMDI)B 9.45 0.00 16 
PsiHF(SexPMDI) PsiNB(SexPMDI)D 9.56 0.00 16 
PsiHF(SexPMDI) PsiNB(SexPMDI)C 9.60 0.00 16 
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CHAPTER 3. EGG CRYPSIS IN A GROUND-NESTING 
SHOREBIRD INFLUENCES NEST SURVIVAL 
A paper to be submitted to Ecology 
Paul D. B. Skrade and Stephen J. Dinsmore 
Abstract 
The coloration of exposed eggs of ground-nesting birds has long been thought to 
function as camouflage to reduce predation, with eggs that more closely match the area 
around the nest having greater survival. We tested this hypothesis using digital 
photographs of 374 Mountain Plover (Charadrius montanus) nests and the substrate 
surrounding each nest to produce covariates to include in nest survival models. These 
covariates included values representing the difference between the color of the eggs and 
that of the substrate, the average egg and substrate colors, and variation in both egg and 
substrate color. Nest survival decreased as the difference between the color of the eggs 
and substrate increased (accounted for by two measures, the first in the L*a*b* color 
space, the second in three-dimensional RGB color space:     = -0.021, SE = 0.024, 95% 
Confidence Interval: CI -0.069, 0.026 and        = -0.004, SE = 0.005, 95% CI -0.013, 
0.005) and increased as the variability in color in the substrate surrounding the nest 
increased (       = 2.624, SE = 2.846, 95% CI -2.954, 8.202), although after model-
averaging these effects were not well-supported. Model-averaged estimates of daily nest 
survival ranged from 0.90 to 0.98 (unconditional SEs from 0.004 to 0.129). Our results 
support the egg crypsis hypothesis because nests that most closely match their 
surroundings have greater survival. 
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Keywords: Charadrius montanus, egg crypsis, eggshell color, Mountain Plover, nest 
survival 
Introduction 
For more than a century, scientists have hypothesized that the main adaptive 
significance of eggshell coloration is camouflage (Wallace 1889), with some evidence for 
other explanations such as egg recognition and mimicry, eggshell strength, filtering solar 
radiation (reviewed in detail by Underwood and Sealy 2002), and as an indication of 
female quality (Riehl 2011). Anecdotal support for the egg crypsis hypothesis is diverse, 
with explanations ranging from the suggestions that white eggshells are only possible in 
concealed nests like those of cavity-nesters (von Haartman 1957), or that birds with pale 
eggs must keep them permanently covered during incubation (Westmoreland and Best 
1976), or be well-suited to defend their nests like swans, herons, or Ostriches (Struthio 
camelus). This hypothesis is appealing because it seems intuitive that selection would act 
on egg coloration, as more easily detected eggs would be more vulnerable to depredation 
by visually-searching predators. 
 Many studies have attempted to examine the relationship between egg crypsis and 
nest survival, although few have found evidence to support this hypothesis (reviewed in 
Underwood and Sealy 2002). Some of these studies may have been complicated by study 
design: in many cases experimenters tested egg camouflage by painting the eggs, as 
Tinbergen et al. (1962) did in the first study to provide evidence that egg coloration 
influenced Black-headed Gull (Larus ridibundus) nest survival. However, painted eggs 
could potentially increase nest depredations by providing an olfactory cue for scent 
predators. Although painted eggs may look camouflaged to the human eye, humans are 
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unlikely to be able to match natural levels of crypsis (Kilner 2006). A further 
complication of many of these studies is that they were performed using either artificial 
nests or without any actual nest structure, which are both typically less cryptic than nests 
constructed by actual birds (Underwood and Sealy 2002) and may have provided biased 
estimates of nest survival. 
Although some studies have looked at the relationship between egg coloration and 
the habitat surrounding natural nests (Thomas et al. 1989), very few have assessed how 
the two are related to nest survival (Solís and de Lope 1995, Westmoreland and Kiltie 
1996, Lloyd et al. 2000, Lee et al. 2010, Colwell et al. 2011) and none have incorporated 
crypsis into maximum likelihood estimation of daily survival rates (DSR). This method 
of modeling nest survival allows researchers to generate biologically meaningful 
estimates of nest survival and incorporate biological factors of interest into nest survival 
models (Dinsmore et al. 2002). We tested the egg crypsis hypothesis by modeling DSR of 
nests of a ground-nesting shorebird and incorporating covariates for nest crypsis in the 
models. These covariates include values that reflect the degree of difference between egg 
color and the color of the substrate, as well as values representing the variation in the 
color of the eggs within a clutch, and the variation of the coloration of the rocks, soil, 
vegetation, etc. that are found in the area directly surrounding the nest. We predicted that 
nests with eggs of colors more closely matching the nest substrate would have a greater 
probability of surviving than nests whose eggs less closely matched the background. We 
also predicted that nests with eggs that have a high degree of variation in their coloration 
would have a greater probability of survival than those with lower within-nest variation. 
Finally, we predicted that birds that nest in substrate that has a high degree of color 
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variation would have greater nest survival than those that nest in areas where the 
substrate color has a low degree of variation. 
Methods 
Study Species 
To examine the relationship between egg crypsis and nest survival we used the 
Mountain Plover (Charadrius montanus) as a model species. Mountain Plovers are 
ground-nesting shorebirds of conservation concern (Knopf and Wunder 2006) that have a 
high degree of variability in egg coloration, with basal colors ranging from dark olive, to 
tan, to light pinkish or cinnamon, all with irregular darker markings (maculation) that are 
more prevalent on the larger end of the egg (Plate 1., Knopf and Wunder 2006). Male 
Mountain Plovers display and dig scrapes throughout their territory to attract females, 
and while it is uncertain which sex ultimately selects the nest location (Knopf and 
Wunder 2006) it is likely that the female makes the final decision on where to place the 
eggs. After the pair bond is formed the female Mountain Plover lays sets of three blunt 
pyriform eggs, generally in two nest cups, with the first nest tended by the male and the 
second by the female (Graul 1973). These eggs are cryptically colored to match the 
heterogeneous substrate around the nest (Graul 1973), which suggests that nest predation 
occurs by visual predators (Merilaita et al. 1999). 
Field data collection 
During the summers of 2006–2010 we studied Mountain Plovers breeding in an 
approximately 3,000-km
2
 area in southern Phillips County in north-central Montana 
(47°40´–47°55´ N, 107°35´–108°30´ W), described in detail by Dinsmore et al. (2002). 
Field work began in mid-May and continued until the end of the birds’ breeding season, 
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usually late July or early August. Nest searching and monitoring and the capture, 
handling, and banding techniques were similar across years and followed those described 
by Dinsmore et al. (2002). We individually color-banded birds and because Mountain 
Plovers are sexually monomorphic (Iko et al. 2004) we determined sex from feather or 
blood samples (Avian Biotech International, Tallahassee, Florida) using techniques 
outlined in Dinsmore et al. (2002). We photographed Mountain Plover clutches using a 
handheld 5 megapixel digital camera with 2,592 x 1,944 pixels of resolution at a height 
of ~1.5 m to include the substrate immediately around the nest in the photograph. This 
work was conducted under Iowa State University’s Institutional Animal Care and Use 
Committee protocol number 5-06-6129-Q. 
Color Analysis 
From the photographs, we determined the red, green, and blue (RGB) color values 
of 1000 pixels randomly selected from the ~0.65 m
2
 rectangular area centered on the nest, 
not including the nest cup and eggs, and 1000 randomly selected pixels of the eggshells 
alone from a cropped portion of the original image. These primary colors correspond to 
three different types of cones in the human eye (Coelho et al. 2006). To sample the RGB 
values we used the “ReadImages” package (Loecher 2012) in the statistical program R 
version 2.14.0 (R Development Core Team 2011). We calculated the mean and pooled 
standard deviation of the RGB values for both the eggs and substrate to give a single 
covariate value for each of mean nest substrate, mean egg color, variation in substrate 
color, and variation in egg color to include in a nest survival model. We used two 
different numerical values as covariates to represent the degree of difference between the 
nest substrate and egg color. The first, ΔRGB, was the Euclidean distance between the 
39 
 
 
 
three-dimensional mean RGB values of the egg color and substrate color. The second, 
ΔE, was produced using methods outlined in Nguyen et al. (2007), described below. 
As an alternative to the RGB color space, the L*a*b* color space of the 
Commission Internationale de l’Eclairage (CIE) is recommended by Kim et al. (2000) 
and Coelho et al. (2006) as it more closely approximates and linearly correlates with the 
human eye. In this color space, L* indicates luminosity ranging between 0 (black) and 
100 (white), a* indicates the red–green axis ranging between -60 (green) and 60 (red), 
and b* indicates the yellow–blue axis ranging between -60 (blue) and 60 (yellow, 
Nguyen et al. 2007). After converting the RGB values to the L*a*b* color space using 
tools from www.brucelindbloom.com (Nguyen et al. 2007) we then calculated ΔE, the 
linear distance between two colors in L*a*b*, with the formula (Kim et al. 2000, Coelho 
et al. 2006): 
222 *** baLE   
We used the MIXED procedure in SAS version 9.3 (SAS Institute 2011) to model 
each of the six color covariates (ΔE, ΔRGB, mean RGB eggs, mean RGB substrate, SD 
RGB eggs, and SD RGB substrate) in relation to the sex of the incubating adult, while 
accounting for multiple nests tended by the same individuals. We constructed a single 
mixed model for each covariate and examined the fixed effect of sex with individual 
birds as a random effect. Effects were then examined using F tests. This model assumes 
normality so the values for the Δ covariates had to be ln-transformed. We used α = 0.05 
as the level of statistical significance for all hypothesis tests. 
Nest survival 
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We modeled daily nest survival rates using the nest survival model (Dinsmore et 
al. 2002) in Program MARK (White and Burnham 1999). First we built a set of candidate 
models using the six nest-specific covariates related to color (Table 1), one per model, to 
determine which covariates were most important. The three competitive models (<2.0 
ΔAICc from the top model) were then added singly and additively in a hierarchical 
approach to reference models containing the factors that Dinsmore et al. (2002) found 
important in a previous analysis of this species’ nest survival. The initial covariates 
included sex of the incubating adult, nest age, a quadratic time trend based on the Julian 
day of the nesting season, and daily precipitation determined from a NOAA weather 
station in the study area, with the added effects of clutch size and a quadratic effect of 
nest age. We evaluated models using Akaike’s information criterion corrected for small 
sample sizes (AICC; Akaike 1973, Burnham and Anderson 2002). We did not adjust for 
overdispersion because Program MARK does not include a goodness-of-fit bootstrap 
simulation for the nest survival model. We anticipated competitive models from the 
second modeling stage and so model-averaged parameter estimates (Burnham and 
Anderson 2002). 
Results 
We photographed 374 Mountain Plover nests and monitored them for a total of 
4273 exposure days during the five years of this study. Of these, 166 nests were tended 
by 119 females, 167 were tended by 120 males, and 41 were tended by 39 birds of 
unknown sex. Ten female plovers and eight male plovers re-nested within the same 
breeding season after their initial nest was unsuccessful. None of the six color covariate 
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values differed between male-tended, female-tended, and nests tended by plovers of 
unknown sex (Type III tests for fixed effects [MIXED]: df = 2 and 276, all P>0.05). 
 The initial model selection of color covariates found that neither mean RGB of 
egg color, mean RGB of substrate color, nor variation in egg color were correlated with 
daily nest survival (ΔAICC>2.00 from the top model). However, the degree of difference 
between egg color and substrate color (both ΔRGB and ΔE) was important as well as the 
variation in substrate color (Table 1). After adding the color covariates to the baseline 
nest survival model there were eight competitive models (ΔAICC<2.00, Table 2) with 
similar AICC weights ranging from 0.18 to 0.07. All of the competitive models contained 
one of the two covariates for degree of difference between egg and substrate color and 
five also had the additive effect of variation in substrate color. Both covariates for the 
degree of difference between egg color and substrate color had negative effects on DSR 
(     = -0.021, SE = 0.024, 95% CI was -0.069, 0.026, and        = -0.004, SE = 0.005, 
95% CI was -0.013, 0.005) while the variation in color around the nest had a positive 
effect on nest survival (        = 2.624, SE = 2.846, 95% CI was -2.954, 8.202). The 
model-averaged estimates of these effects were not well-supported because the 95% CIs 
included zero. Model-averaged estimates of daily nest survival ranged from 0.90 to 0.98 
with unconditional SEs ranging from 0.004 to 0.129. Sex of the incubating adult and nest 
age had strong effects on nest survival, with males tending to have lower rates of nest 
survival than females and DSR increasing as the eggs got closer to hatch (Figure 1). 
Discussion 
Past attempts to show that egg coloration is an adaptation for camouflage to 
reduce nest depredation have produced inconclusive results (Underwood and Sealy 
42 
 
 
 
2002). Here we show that nest survival increases as the contrast in color decreases 
between eggs and the substrate surrounding the Mountain Plover nest. Although the 
model-averaged results were not well-supported (  s overlapping zero), this is a result of 
model-averaging this particular model set and within each individual model the color 
differences (Δs) were all strong (95% CIs did not overlap zero). This provides support for 
the egg crypsis hypothesis, and eggs that more closely match the substrate surrounding 
the nest (and so are more highly camouflaged) have a greater probability of surviving to 
hatch. Visual predators that would have difficulty detecting cryptically-colored eggs 
likely depend on detecting the movements of the incubating adult as it leaves the nest 
(Colwell et al. 2011). Mountain Plovers have uniparental incubation and time their off-
bouts from the nest to avoid detection by visual predators while still attending to their 
own needs (Skrade and Dinsmore 2012). As a result, they leave the nest to forage and 
interact with other plovers frequently and for long periods at night (Skrade and Dinsmore 
2012). 
There is substantial variation in basal or background color in the eggs of 
Mountain Plovers (Plate 1) in addition to variation in the amount of maculation or degree 
of spotting on the eggs. In our study the variability in egg coloration within a clutch did 
not have a significant effect on nest survival. This result is inconsistent with the 
prediction that intraclutch variability in color would enhance crypticity. Hockey (1982) 
proposed that two similarly-colored eggs in a clutch would create a larger “object” that 
would be more easily detected by predators. This was supported by a  study of egg 
coloration of Namaqua Sandgrouse (Pterocles namaqua), another ground-nesting bird, in 
which clutches exhibiting diversity in background color, pigment pattern or pigment 
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intensity between eggs survived better than clutches in which eggs were uniformly-
colored (Lloyd et al. 2000). 
There have been some criticisms of the use of digital photography in analyses of 
wildlife coloration (Stevens 2011). Most cameras have a non-linear response in the 
recorded image to changes in light intensity, natural biases occur in cameras towards 
certain wavelengths of light, and variations in ambient light conditions require 
corrections (Stevens et al. 2007). However, in this study we used data from the same 
photographs to compare differences in egg and substrate color, so light conditions were 
the same for both the eggs and substrate (Lee et al. 2010) and we found the same pattern 
of nest survival when we examined the relationship between color differences in the RGB 
and in the L*a*b* color space after corrections. 
Corvids such as the Black-billed Magpie (Pica hudsonia) and Common Raven 
(Corvus corax) are known visual nest predators of the Mountain Plover (pers. obs., Knopf 
and Wunder 2006). Avian vision differs from human vision in multiple aspects (Endler 
and Mielke 2005), such as their ability to see in the ultraviolet (Kevan et al. 2001). 
Although our method of examining egg and substrate coloration does not take into 
account ultraviolet color, the trend we found of decreasing nest survival as the contrast 
between eggs and substrate increased would likely hold true even in the ultraviolet 
(Spottiswoode and Stevens 2010). We did not convert the images to grayscale as in 
another study of egg coloration and nest survival (Lee et al. 2010). Nest depredation of 
Mountain Plovers by predators such as canids, which view the world dichromatically 
(Jacobs et al. 1993), have been observed primarily at night and the animals appeared to 
find the nest by scent rather than sight (pers. obs.). 
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Even a small degree of camouflage confers a survival advantage to prey (Krebs 
and Davies 2003) and this is supported by the pattern that we found of greater nest 
survival of clutches more closely-matching the surrounding substrate. A recent study of 
another ground-nesting bird with cryptically-colored eggs (Japanese Quail, Coturnix 
japonica) found that females, if provided with a choice, will consistently select nest 
locations that most closely resemble the coloration of their eggs (Lovell et al. 2013). This 
suggests that female birds have some prior knowledge of their own egg coloration. 
Mountain Plovers as a species have a high degree of variability in egg color, which is 
likely an adaptation to the highly variable nest substrates across their breeding range 
(Knopf and Wunder 2006). However, the cryptic coloration of Mountain Plover eggs to 
avoid visual nest predators is only one aspect of the evolutionary arms race that is 
occurring in this system. Like those of other ground-nesting birds, Mountain Plover nests 
are vulnerable to olfactory predators. This limitation may be offset by a behavioral 
adaptation of this species because many of the items that they incorporate into their nest 
contents may function as olfactory camouflage (pers. obs.); further research should be 
conducted to determine what role, if any, aromatic Mountain Plover nesting material 
plays in minimizing nest depredation. 
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Tables 
Table 1: Table of main effects models of color covariates used in maximum likelihood 
modeling of Mountain Plover (Charadrius montanus) daily nest survival in Phillips Co., 
Montana, U.S.A. from 2006–2010. Models are ranked by ascending ΔAICc values with 
the number of parameters (K), model deviance, and Akaike weights. 
Covariate K ΔAICca Deviance wi 
Pooled standard deviation of substrate RGB 
color values 
2 0.00 891.37 0.39 
Difference between egg color and substrate 
color in L*a*b* color space (ΔE) 
2 0.66 892.03 0.28 
Difference between egg color and substrate 
color from RGB color values (ΔRGB) 
2 1.01 892.38 0.24 
Pooled standard deviation of egg RGB color 
values 
2 4.53 895.90 0.04 
Mean RGB value for substrate color 2 5.32 896.70 0.03 
Mean RGB value for egg color 2 6.03 897.40 0.02 
a
The AICC value of the best model was 895.38
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Table 2: Summary of competing models evaluating relationships between Mountain 
Plover (Charadrius montanus) daily nest survival and egg and substrate coloration in 
Phillips Co., Montana, U.S.A. from 2006–2010. All models contain the effect of the sex 
of the incubating adult, a quadratic time trend across the breeding season (TT), clutch 
size, and daily precipitation. Age and Age
2
 refer to the linear and quadratic effect of daily 
nest age. ΔE is the difference between egg color and substrate color in L*a*b* color 
space while ΔRGB is the difference between egg color and substrate color from RGB 
color values. Models are ranked by ascending ΔAICc values with the number of 
parameters (K), model deviance, and Akaike weights. 
Model K ΔAICca Deviance wi 
Age + ΔE + Pooled SD of substrate RGB color 
values 
9 0.00 859.95 0.18 
Age + ΔRGB + Pooled SD of substrate RGB color 
values 
9 0.11 860.06 0.17 
Age + ΔE 8 0.63 862.59 0.13 
Age
2
 + ΔE + Pooled SD of substrate RGB color 
values 
10 0.95 858.89 0.11 
Age + ΔRGB 8 1.03 862.99 0.11 
Age
2
 + ΔRGB + Pooled SD of substrate RGB color 
values 
10 1.04 858.99 0.10 
Age
2
 + ΔE 9 1.59 861.54 0.08 
Age
2
 + ΔRGB 9 1.97 861.92 0.07 
Age + Pooled SD of substrate RGB color values 8 3.37 865.33 0.03 
Age
2
 + Pooled SD of substrate RGB color values 9 4.09 864.05 0.02 
a
The AICC value of the best model was 877.99  
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Figures 
Figure 1: Predicted daily survival rates from the model-averaged results of a nest survival 
analysis of Mountain Plovers (Charadrius montanus) in Phillips Co., Montana, U.S.A., 
2006–2010. Estimates were produced for the 29-day incubation period of a male-tended 
nest initiated on the mean date of nest initiation (1 June) in 2006. Real precipitation 
values for that range of dates were used and the mean, +1 standard deviation, and -1 
standard deviation of ΔE, the linear difference between the color of the eggs and the 
substrate surrounding the nest in L*a*b* color space. 
 
Plate 1: Representative colors of Mountain Plover (Charadrius montanus) eggs 
photographed in Phillips Co., Montana, U.S.A. from 2006–2010.  
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CHAPTER 4. TESTOSTERONE AND PROLACTIN LEVELS IN AN 
INCUBATING SHOREBIRD (THE MOUNTAIN PLOVER) WITH 
UNIPARENTAL CARE BY BOTH SEXES 
A paper submitted to General and Comparative Endocrinology 
Paul D. B. Skrade, Stephen J. Dinsmore, and Carol M. Vleck 
Abstract 
The hormones prolactin (PRL) and testosterone (T) are linked to parental behaviors 
such as incubation and brood-rearing in birds. The Mountain Plover (Charadrius 
montanus) is a shorebird with an uncommon parental care system in which males and 
females tend separate nests. We collected blood from incubating male and female 
Mountain Plovers in Montana and quantified circulating plasma PRL and T. We 
examined how these two hormones varied by sex, during the incubation period, and 
across the nesting season. PRL levels were similar for incubating male and female 
Mountain Plovers, but incubating males had significantly higher T concentrations than 
females. There was no relationship between day of incubation and the concentration of 
circulating PRL for either incubating female plovers or male plovers. The relationship 
between the Julian day and concentration of circulating PRL was also not strong for 
either sex. T concentrations tended to decrease throughout the incubation period although 
there was not a strong relationship with day of incubation for either incubating female or 
male plovers. There was weak evidence that circulating T for females declined across the 
breeding season but not in males. This study provides further information about the 
relationship between parental duties and circulating PRL and T and the breeding biology 
of a shorebird of conservation concern. 
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Introduction 
Hormones such as prolactin (PRL) and testosterone (T) have been linked to a number 
of physiological and behavioral events in birds [1]. Correlations have been found with 
territoriality [4], mate guarding [46], nest-building [35], molt [47, 13], and timing of 
migration [45]. Concentrations of PRL and T co-vary with parental behavior such as 
incubation [43], brood-rearing [30], and even helping behavior [7]. 
For many species there is a strong correlation between the time invested in incubation 
and nest-tending and the concentrations of circulating PRL and T [43, 8, 32, 55, 3]. In 
species where the female is the sole incubator, females have higher PRL levels than 
males (e.g., European Starling, Sturnus vulgaris, 14; Song Sparrow, Melospiza melodia, 
60]. The opposite is also true in sex-role reversed species, such as the Red-necked 
Phalarope (Phalaropus lobatus), where males are the sole incubators, and incubating 
males have significantly higher concentrations of PRL than females [26]. For 
cooperatively-breeding species such as the Harris’ Hawk (Parabuteo unicinctus), helping 
birds also have elevated prolactin, even though they do not incubate [54]. Testosterone 
levels in helpers of cooperatively-breeding species tend to mirror those of the breeders, 
peaking during prelaying, but are lower [48], and even in sex-role reversed species males 
tend to have higher T than females [24]. 
Circulating PRL concentrations vary within individuals across the breeding season, 
with plasma PRL concentrations generally peaking during egg-laying and incubation for 
females, and with males exhibiting a similar pattern [53]. In most bird species, changes in 
photoperiod trigger seasonal changes of plasma PRL concentration [23, 6]. However, 
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PRL can be affected by proximate influences such as physical stimulation of the brood 
patch by eggs or chicks, increasing PRL [44] or conversely, direct removal of eggs or 
desensitization of the brood patch [29] or removal of a nest [19] rapidly decreasing PRL. 
In two species of shorebirds PRL levels tend to peak during incubation and gradually 
decline throughout the breeding season [Semipalmated Sandpipers, Calidris pusilla, and 
Red-necked Phalaropes; 26]. Changes in circulating PRL can also differ between the 
sexes; in male Spotted Sandpipers (Actitis macularius), a species in which different 
individuals show biparental or male uniparental care, males have higher PRL levels 
during incubation than females [44].  
The aim of this study was to quantify circulating PRL and T concentrations of 
incubating male and female Mountain Plovers (Charadrius montanus), a bird with a rare 
parental care system [27] in which each member of the pair tends its own nest without 
input from the other parent [40, 41]. We predicted that PRL levels would be similar for 
both sexes throughout incubation because both males and females have similar roles 
during that stage [26], but that T levels would be greater in males because they exhibit a 
greater role in courtship and territory defense, actively maintaining territories throughout 
incubation [27]. PRL levels were predicted to increase throughout the incubation period 
and peak just before hatch as is the case in most species of birds [49], but as the breeding 
season progressed we expected to see a decrease in circulating PRL across the population 
as continually elevated levels of the hormone can elevate glucocorticoids [34]. Similarly, 
T levels were predicted to decrease in the population across the breeding season as this 
hormone tends to peak in the prelaying period [21, 52]. 
4.2. Methods 
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4.2.1 Study population 
The Mountain Plover is an uncommon shorebird that nests in disturbed areas of the Great 
Plains and Great Basin [33]. It is a moderate-sized bird (90-110 g) that is sexually 
monomorphic and drably-colored with laying occurring from May into July in north-
central Montana [PDBS, SJD, pers. obs.]. Clutch size is usually three eggs with nests of 
two or four eggs occurring occasionally [33]; nests less frequently contain one, five, or 
six eggs [17]. While both male and female Mountain Plovers tend individual nests 
unaided, and therefore have similar incubation and chick-rearing responsibilities, males 
arrive first at the breeding grounds, establish loose territories, and aggressively compete 
for females through both physical altercations as well as threat displays [27]. The 29-day 
incubation period commences after the last egg is laid [28]. Our study population of 
Mountain Plovers nests in an approximately 3000 km
2
 area located in southern Phillips 
County in north-central Montana (47°40´– 47°55´ N, 107°35´– 108°30´ W), described in 
detail by Dinsmore et al. [18]. 
4.2.2 Sample collection 
We collected plasma samples from plovers during the 2006, 2007, and 2011 breeding 
seasons. Blood samples were collected between mid-May and early July by trapping 
incubating adults at the nest, which was the only stage at which we were able to capture 
the birds. Nest searching and monitoring, and capture, handling, and banding techniques 
were similar across years and followed those described by Dinsmore et al. [18]. Birds 
were individually color banded and feather and blood samples were collected for genetic 
sexing and analysis of circulating hormones. While birds were in hand mass and wing 
chord data were collected to examine condition (mass/wing chord). Mountain Plovers are 
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sexually monomorphic and sex was molecularly determined from feather or blood 
samples (Avian Biotech International, Tallahassee, FL) using techniques outlined in 
Dinsmore et al. [18]. We determined the age of the eggs and estimated the onset of 
incubation using egg floatation and back-dating [56, 18]. To examine seasonal changes in 
hormone concentrations we set the earliest calendar day of nest initiation as Day 1 and all 
other initiation dates were then scaled from this point (Day 1 = 23 May), and the last day 
blood was sampled was Day 47 (8 July). 
We drew blood samples from birds within 5 min of capture to reduce the effects of 
handling stress [25]. Samples from adult plovers were taken by puncturing the ulnar vein 
using a 26 gauge needle and collecting < 1 ml of blood [20]. We collected blood 
opportunistically from incubating plovers at the time the nest was first located. This 
approach yielded a well-distributed arrangement of samples from the entire incubation 
period; the mean incubation day of sampling was 12.3 days (range from day 1 to day 28 
of incubation; SE = 0.83 days). Blood samples were kept on ice until that evening when 
the plasma was separated by centrifuge and then frozen at -20 °C. The samples from 2006 
and 2007 were stored at -80 °C from August of the collection year while the 2011 
samples were stored at -20 °C until December 2011 when they were all analyzed for PRL 
and until May 2012 for T. This work was conducted under Iowa State University’s 
Institutional Animal Care and Use Committee protocol number 5-06-6129-Q. 
4.2.3 Hormone Assays 
Circulating plasma PRL concentrations were determined with a commercial enzyme-
linked immunosorbent assay (ELISA) kit (TSZ ELISA, Framingham, MA 01702, Cat. 
No. CH3956) that uses a 96-well microplate that is pre-coated with purified domestic 
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chicken (Gallus gallus domesticus) PRL antibodies. Assays were run according to the kit 
directions, which included diluting plasma samples 1:5 using 10 μl of plasma, incubating, 
washing, and adding enzymes, then reading the absorbance at 450 nm with a microplate 
reader. A PRL standard curve based on chicken PRL ranged from 0 to 40 ng/ml (Fig. 1). 
To test the appropriateness of the test kit for use with Mountain Plovers a plover plasma 
sample from 2007 was diluted 1:5 and 1:2 and the estimated PRL concentrations 
accounting for the dilutions were very similar (13.41 and 13.90 ng/ml, respectively). All 
other samples were analyzed in a single assay the following day. 
Circulating plasma T concentrations were determined with a commercially available 
double antibody radioimmunoassay (RIA) kit (MP Biomedicals, Costa Mesa, CA 92626, 
Cat. No. 07189102). Assays were run according to the kit protocol, except that all 
volumes were reduced by four-fold. Briefly, 25 μl of sex binding globulin inhibitor 
solution was added to 12.5 μl of sample plasma. Then 125 μl of a solution of T labeled 
with 
125I was added, followed by 125 μl of anti-T and then 25 μl of secondary antibody. 
Plasma samples from breeding male and female Sharp-tailed Grouse (Tympanuchus 
phasianellus) that were known to have different T concentrations were used for the high 
and low controls respectively. After incubation, centrifuging, and aspiration of the 
supernatant the precipitate was counted in a gamma counter. All samples were measured 
in a single assay. 
4.2.4 Statistical analyses 
Hormone concentrations were ln-transformed to achieve normality. We tested for 
differences in concentrations of PRL and T between incubating male and female 
Mountain Plovers using t-tests and compared years using ANOVA. Concentrations of T 
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that were less than the lowest detectable limit of the assay (0.001 ng/ml) were adjusted to 
0.001 for analyses. To examine the relationships between both circulating PRL and T 
(ng/ml) and the day of incubation and Julian day (day 1 = 23 May) we performed simple 
linear regressions. We used α = 0.05 as the level of statistical significance for all 
statistical tests. 
4.3. Results 
4.3.1 Relationship between sex of incubating adult and hormone concentrations 
Plasma PRL levels were similar for incubating male and female Mountain Plovers (t 
= 0.69, df = 67, P = 0.49). The back-transformed mean circulating plasma PRL 
concentration for incubating female Mountain Plovers was 32.40 ng/ml (n = 33) and 
ranged from 7.33 to 78.04 ng/ml. The back-transformed mean for males was 29.36 ng/ml 
(n = 37) and ranged from 5.18 ng/ml to 140.86 ng/ml. Incubating male Mountain Plovers 
had higher concentrations of circulating T than females (t = 2.79, 68 df, P < 0.01). The 
back-transformed mean concentration for males was 0.14 ng/ml (range from <0.01 to 
5.33 ng/ml) and for females, 0.01 ng/ml (range <0.01 to 2.12 ng/ml). There was no 
relationship between concentrations of circulating PRL and circulating T (b= -0.759, P = 
0.17, R
2
 = 0.025; Fig. 2). 
4.3.2 Relationships between hormone concentrations and time 
There was no effect of year of sampling on circulating PRL or T (F2,74 = 0.45, P = 
0.64 and F2,74 = 0.73, P = 0.48 respectively). Concentrations of circulating PRL did not 
change throughout the incubation period for either incubating female plovers (Fig. 3; b = 
0.003, P = 0.83, R
2
 = 0.002) or male plovers (b = 0.016, P = 0.28, R
2
 = 0.034). Likewise, 
the Julian day of nesting season did not affect the concentration of circulating PRL for 
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either sex (Fig. 3; females, b = 0.008, P = 0.22, R
2
 = 0.047; males, b = -0.002, P = 0.83, 
R
2
 = 0.001). Testosterone concentrations tended to decrease throughout the incubation 
period (Fig. 4.) however there was not a strong linear relationship with day of incubation 
for either incubating female plovers (b = -0.036, P = 0.60, R
2
 = 0.009) or male plovers (b 
= -0.028, P = 0.63, R
2
 = 0.007). There was weak evidence for a negative linear 
relationship between the Julian day of nesting season and concentration of circulating T 
for females (Fig. 4; b = -0.047, P = 0.12, R
2
 = 0.076) but not for males (b = -0.037, P = 
0.35, R
2
 = 0.025). There was no evidence that either circulating T or PRL were related to 
the condition of the incubating plover (Fig. 5, all R
2
 values <0.01). 
4.4. Discussion 
In this uncommon parental care system, male and female Mountain Plovers have 
equal responsibilities during incubation and similar incubation patterns [51] and both 
sexes develop a brood patch [33], so it is not surprising that there was no difference in the 
PRL levels of the two sexes. This is consistent with other studies in which both sexes 
incubate equally [10, 26] although this is the first case in which PRL was measured in a 
species in which each sex tends its own nest. While plasma PRL levels in some other 
birds with precocial young tend to increase at the start of incubation and gradually 
decline throughout the brood-rearing stage [42, 26], in Spotted Sandpipers PRL 
concentrations remain elevated after hatching [44] and in Mallards PRL concentrations 
do not decrease until after the chicks are as large as the adults [5]. Although Mountain 
Plover chicks are precocial and leave the nest within 24 hours of hatch, the incubating 
parent remains with the brood until after the chicks have fledged at around 30 days, 
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performing anti-predator distraction displays and brooding the chicks when temperatures 
are cool [28], similar to Spotted Sandpipers and Mallards. 
Early studies of Wilson’s Phalaropes (Phalaropus tricolor) suggested that T 
concentrations were greater in females than in males in sex-role reversed species [31]. 
However, more recent studies have found that the levels of circulating T in sex-role 
reversed birds [Spotted Sandpipers, 21, Wilson’s Phalarope, 22, Red-necked Phalarope, 
Phalaropus lobatus, 26, African Black Coucals, Centropus grillii, 24] are not reversed, 
and are similar to those of males and females of socially monogamous bird species. In 
these species males have higher levels of T than females in the prelaying stage although 
T levels usually decrease significantly to similar levels as females depending on the 
degree of involvement of the male in incubation. Male Mountain Plovers in Montana 
establish territories and continue to compete for females, defending the area around their 
nests throughout incubation more aggressively than do females [PDBS, SJD, pers. obs.], 
which may be why males have persistently higher levels of T than females. Male 
Mountain Plovers have a high degree of male-male aggression, with territorial disputes 
occurring until late in incubation but male and female incubating plovers maintain a high 
degree of nest-attentiveness throughout the entire incubation period [51]. Aggressive 
interactions with other males can cause increased levels of T at each “challenge” but this 
response wanes at the end of the breeding season [59], which could explain the high 
variation in T among males. 
The lack of a clear pattern of changes in these hormones across the incubation stage 
may result from an individual’s responses to prolonged chronic stress [25, 15, 1]. One 
major source of stress to this population of Mountain Plovers comes from the wide range 
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of environmental conditions that occur during the breeding season. Throughout the 
season there are large fluctuations in ambient temperature, often ranging from below 
10°C to above 40°C, as well as frequent drought conditions and locally concentrated rain 
events [16]. The three field seasons of this study all experienced unusually high 
precipitation with 2011 being one of the wettest years on record [37, 38, 39]. In other 
species such weather extremes can lower baseline PRL concentrations across an entire 
breeding season [15] and prolong elevated levels of T [58].  
Other factors can affect circulating hormone levels including prior breeding 
experience [36, 2], physical condition [11, 12], and changes in clutch size [15]. Mountain 
Plovers usually have a clutch size of three eggs, so further research should determine how 
hormone concentrations are related to the physical condition of birds at the time of 
sampling and if possible incorporate the age or prior breeding experience of the bird into 
the analysis. This is a relatively long-lived species with several individuals exceeding ten 
years of age [SJD, pers. obs.] and this could provide an opportunity to further examine 
the relationship between PRL and T and how they change with age. Only six known-age 
individuals were sampled: five females (of ages 1, 2, 2, 4, and 4 years) and one two-year 
old male and these were not enough data to test for a pattern. Further study of circulating 
hormones in this species should also include testing during the courtship, brood-rearing, 
and post-breeding stages to better understand seasonal changes in hormonal levels in this 
unusual parental care system. 
Traditionally, studies of circulating avian plasma PRL have used radioimmunoassay 
(RIA) procedures that require costly antibodies and the necessity of working with 
radioactive ligands [9]. Commercial enzyme-linked immunosorbent assay kits based on 
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mammal PRL were first used on House Wrens (Troglodytes aedon) nearly two decades 
ago [50]. Commercial kits are now available that utilize chicken PRL, as in this study. 
However, there is a need for comparative field studies of endocrinology that connect the 
ultimate and proximate causes of phenotypic variation in life-histories [57]. This method 
requires only a small volume of plasma (10 μl) and so it increases the possibilities of 
studying even very small birds with low blood volumes. 
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Figures 
Fig. 1. Standard curve of chicken prolactin concentrations produced by a commercial 
ELISA assay, performed 14 December 2011. 
Fig. 2. Relationship between the ln plasma prolactin concentration (ng/ml) and ln plasma 
testosterone concentration (ng/ml). Plasma samples were collected from incubating male 
and female Mountain Plover (Charadrius montanus) in 2006, 2007, and 2011 in Phillips 
Co., MT, U.S.A.  
Fig. 3. Relationships between day of incubation (5 day mean ±SE) and Julian day of 
nesting season (10 day mean ± SE; Day 1 = 23 May and Day 47 = 8 July) with plasma 
prolactin concentration (ng/ml). Plasma samples were collected from incubating male and 
female Mountain Plover (Charadrius montanus) in 2006, 2007, and 2011 in Phillips Co., 
MT, U.S.A. 
Fig. 4. Relationships between day of incubation (5 day mean ±SE) and Julian day of 
nesting season (10 day mean ± SE; Day 1 = 23 May and Day 47 = 8 July) with plasma 
testosterone concentration (ng/ml). Plasma samples were collected from incubating male 
and female Mountain Plover (Charadrius montanus) in 2006, 2007, and 2011 in Phillips 
Co., MT, U.S.A. 
Fig. 5. Relationships between condition index (mass/wing chord) and both plasma 
testosterone (ng/ml) and plasma prolactin (ng/ml) concentrations. Plasma samples were 
collected from incubating male and female Mountain Plover (Charadrius montanus) in 
2006, 2006, and 2011 in Phillips Co., MT, U.S.A. 
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CHAPTER 5. EGG SIZE INVESTMENT IN A BIRD WITH 
UNIPARENTAL INCUBATION BY BOTH SEXES 
A paper accepted by The Condor 
Paul D. B. Skrade and Stephen J. Dinsmore 
Abstract 
The Mountain Plover (Charadrius montanus) has an uncommon parental care 
system in which males and females tend separate nests. In this system females have the 
opportunity to differentially allocate their reproductive investment between male-tended 
nests and their own to potentially improve their fitness. To examine investment we 
measured dimensions of plover eggs in Phillips County, Montana to calculate volumes. 
We modeled possible differences in egg volume in male- and female-incubated nests in 
relation to the effects of sex of the incubating adult, Julian day of nest initiation, and 
drought conditions. We measured >1000 eggs from 194 nests tended by 131 females and 
from 213 nests of 148 males. Male- and female-incubated eggs had similar volumes 
(mean volume = 13.20 cm
3
, SE = 0.03 compared to 13.17 cm
3
, SE = 0.04) but were 
significantly different across the breeding season. The eggs in female-incubated nests 
tended to be larger than those in male-incubated nests early in the breeding season but 
were smaller as the season progressed, while the volume of male-incubated eggs peaked 
in the middle of the season. Egg volumes were affected by drought conditions with larger 
eggs produced during the driest periods of this study. Volumes were similar within nests 
and were not influenced by the age of the incubating adult. Larger eggs tended to produce 
larger chicks. The eggs of Mountain Plovers are overall similar in size, even between 
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male- and female-incubated nests and under different environmental conditions, which 
provides evidence for stability of this uncommon parental care system. 
Keywords: Charadrius montanus, egg size, maternal investment, Mountain Plover, 
uniparental care 
INTRODUCTION 
A study of life history characteristics is a study of tradeoffs. Investment in a 
particular reproductive strategy, such as producing several offspring in a relatively short 
time frame, often means that some other aspect of reproduction (e.g. offspring size) will 
be limited (Stearns 1976). For some species, such as shorebirds, clutch size is largely 
constrained phylogenetically (Lack 1968, Arnold 1999), and so females are often unable 
to increase the number of propagules that they produce and instead invest greater 
resources in individual eggs. Among taxa that produce cleidoic eggs, the female must 
acquire all of the nutrients that the embryo requires for its growth and development prior 
to egg-laying (Clutton-Brock 1991). Life history theory predicts that the greater the per-
offspring investment the greater the increase in offspring fitness (Bernardo 1996). This is 
generally true in relation to maternal investment in eggs as relatively larger eggs tend to 
produce larger offspring and the increased size often confers survival advantages on the 
young (Williams 1994). 
In many bird species there is a high degree of variability in egg size, such that 
within a population the largest egg is usually ≥50% larger than the smallest and can be up 
to twice as large (Christians 2002). This variation usually occurs between, rather than 
within, clutches and females tend to lay similarly sized eggs between breeding attempts 
(Christians 2002). However, egg size can be affected by environmental conditions such 
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as food availability (Ramsay and Houston 1997, Bortolotti et al. 2009) and temperature 
(Nager and van Noordwijk 1992), although neither of these have very large effects on 
egg size (Christians 2002). The age of the laying female has also been found to affect the 
size of their eggs; generally older birds produce larger eggs (Christians 2002). 
Shorebirds (Order Charadriiformes) lay relatively large eggs in relation to their 
body size (Rahn et al. 1975, Ross 1979). This requires a female to give up a large 
proportion of her body mass in a relatively short period of time, and can cause an 
energetic strain on the female (Monaghan and Nager 1997). However, it will likely 
improve her fitness as it has been shown for many different shorebird species that larger 
eggs produce larger chicks (Ricklefs 1984) and larger chick size has been linked to 
improved chick survival in Charadriiformes (Parsons 1970, Blomqvist et al. 1997, 
Dinsmore 2008).  
The Mountain Plover (Charadrius montanus) is a shorebird of conservation 
concern that breeds in disturbed areas of the Great Plains and Great Basin. This species 
has an uncommon parental care system in which male and female plovers tend separate 
nests (Graul 1975). The male sets up a territory and displays to attract a female. After 
mating she lays three eggs in a nest scrape and departs, leaving him to incubate the eggs 
and tend the chicks by himself (Graul 1975, Knopf and Wunder 2006). The female lays 
three more eggs at a separate location and cares for those entirely by herself. Assuming a 
female lays only one set of male-tended eggs prior to laying her own set of three, then 
most female Mountain Plovers have an overall clutch size of six eggs. This is thought to 
happen over a relatively short time period, with the female laying on alternate days for 
the male, initiating her own nest shortly thereafter, and then laying at the same intervals 
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for her own nest (Knopf and Wunder 2006). However, the opportunity does exist for a 
female to lay more than one male-tended set of eggs before (or after) starting her own; 
females have been observed copulating with >1 male within a breeding season (Graul 
1975) although the frequency has never been quantified. 
The general purpose of this study was to examine Mountain Plover egg size in 
relation to several factors. We sought to model egg volume in relation to: a) sex of the 
incubating adult, b) date of nest initiation, and c) year. We also wanted to examine the 
effects of laying order and age of the incubating adult on egg size and assess the 
relationship between egg size and the size of the resulting chick. Our predictions were 
that eggs in earlier nests would be larger and that egg volume would decrease across the 
breeding season as in other species of shorebird (Sandercock et al. 1999). The mean mass 
of the Mountain Plover is approximately 100 g, but the mean mass of its egg in its first 
week of incubation is 15.4 g ± 1.0 (SD; Knopf and Wunder 2006). Laying several 
relatively large eggs in a short period of time has the potential to place an energetic strain 
on the female (Monaghan and Nager 1997) and the result of this may be a decrease in egg 
size through time (Bortolotti et al. 2009). Egg volume has been linked to diet in some 
species (Bortolotti et al. 2009), such that birds that nest in areas with greater food 
availability produce larger eggs. The five years over which this study was conducted had 
variable weather conditions with 2006 and 2008 being more dry than historical averages, 
2009 and 2010 similar to the historical average, and 2007 more moist than the historical 
average (Montana Natural Resource Information System 2012), which can have a large 
effect on the abundance and composition of the Mountain Plover prey community (Jonas 
and Joern 2007). Laying sequence can also influence the size of the eggs within a clutch 
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(Arnold 1991, Lislevand et al. 2005), with the general pattern being one of decline. With 
only three eggs per nest for Mountain Plovers we did not predict a great difference in 
within-nest egg volume. 
METHODS 
STUDY AREA AND FIELD DATA COLLECTION 
During the summers of 2006–2010 we studied Mountain Plovers breeding in an 
approximately 3,000-km
2
 area in southern Phillips County in north-central Montana 
(47°40´– 47°55´ N, 107°35´– 108°30´ W), described in detail by Dinsmore et al. (2002). 
Field work began in mid-May and continued until the end of the birds’ breeding season, 
usually late July or early August. Nest searching and monitoring and the capture, 
handling, and banding techniques were similar across years and followed those described 
by Dinsmore et al. (2002). We individually color-banded adult and hatch-year birds, 
although we were unable to determine the age of individuals banded as adults. Mountain 
Plovers are sexually monomorphic (Iko et al. 2004), and sex was molecularly determined 
from feather or blood samples (Avian Biotech International, Tallahassee, Florida) using 
techniques outlined in Dinsmore et al. (2002). This work was conducted under Iowa State 
University’s Institutional Animal Care and Use Committee protocol number 5-06-6129-
Q. 
At each nest we used dial calipers to measure (to nearest 0.01 mm) maximum 
length and width of all eggs. We calculated egg volume using an equation previously 
used for Semipalmated Plovers (Charadrius semipalmatus, Nol et al. 1997), a closely 
related species, as: 
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Although there are slight differences in the dimensions in the eggs of Semipalmated and 
Mountain plovers, this equation was the most taxonomically appropriate from the 
previously published equations for estimating shorebird egg volume from length and 
width measurements (Väisänen 1977). 
We determined the age of the nest and the onset of incubation using egg floatation 
(Westerskov 1950, Dinsmore et al. 2002). To examine the effect of season the earliest 
calendar day of nest initiation was set as Day 1 and all other initiation dates were then 
scaled from this point (Day 1 = 30 April). Nests were assigned a categorical drought 
condition based on the water supply and moisture status for the month of nest initiation 
(Montana Natural Resource Information System 2012). 
Most Mountain Plover nests were found after the onset of incubation so it was not 
possible to determine which female had laid eggs in a male-incubated nest and difficult to 
examine the effects of laying order on egg size. However, for 18 nests discovered during 
the laying stage the eggs were marked with a non-toxic permanent marker so that 
subsequent eggs could be distinguished. We attempted to capture all chicks within a 
brood <24 hrs after hatch to examine the relationship between mean egg volume (cm
3
) 
and resulting mean chick mass (to the nearest 0.1 g) within broods. 
STATISTICAL ANALYSES 
We used the MIXED procedure in SAS (Version 9.1; SAS Institute, Cary, NC) to 
compare egg volume of male- and female-tended nests while accounting for multiple 
contributions from individuals and multiple measurements per nest. To do this we 
constructed a single mixed model with individual birds and nests as random effects and 
the fixed effects of sex of the tending adult, drought, linear and quadratic day of nest 
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initiation, and the interaction between sex and both linear and quadratic day of nest 
initiation because a plot of the data suggested that this interaction might be significant. 
We used all subsets model selection on the covariates to determine which model was best 
supported. We chose this approach because the nesting of fixed and random effects (e.g., 
sex and individual) meant it was not possible to compare models of fixed and random 
effects when the fixed effects change between those models. We also used the mixed 
model to examine the variability in egg size within and between individuals and nests and 
tested if the variability was different from zero using z-tests. To test if the variability in 
egg size differed between months when nests were initiated during drought conditions 
compared to those that were not we used Levene’s test for homogeneity of variance and 
we used α = 0.05 as the level of statistical significance for all hypothesis tests. 
 To examine the relationship between egg size and the resulting chick size we 
performed a simple linear regression of the mean egg volume (cm
3
) of each nest 
compared to the mean chick mass (g) of the resulting brood. We calculated the slope of 
this relationship and tested to see if it differed from zero (α = 0.05). 
RESULTS 
During the five breeding seasons we found 194 nests of 131 female Mountain 
Plovers and 213 nests of 148 males and we measured 567 and 620 eggs from these 
respectively. The mean date of nest initiation was 1 June (SE = 0.7 days); 28 May (SE = 
1.1 days) for males and 5 June (SE = 1.3 days) for females. Mean lengths and widths of 
all eggs combined were 37.23 mm (SE = 0.04) and 28.10 mm (SE = 0.02) respectively. 
Male-incubated eggs tended to be longer than those of females (mean = 37.30 mm, SE = 
0.05 compared to 37.15 mm, SE = 0.05), whereas female-incubated eggs were slightly 
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wider (mean = 28.11 mm, SE = 0.03 compared to 28.08 mm, SE = 0.03), although neither 
of these differences was significant (Type III test for fixed effects [PROC MIXED]: F1,261 
= 2.5, P = 0.12 and F1,261 = 0.8, P = 0.36, respectively). 
The volume of male-incubated eggs was statistically different than that of female-
incubated eggs (mean volume = 13.20 cm
3
, SE = 0.03 compared to 13.17 cm
3
, SE = 0.04; 
F1,278 = 4.6, P = 0.03) however this difference is likely due to the large number of eggs 
sampled and is negligible in a biological sense. They tended to differ across the breeding 
season with the larger eggs in female-tended nests initiated early in the season (Fig 1; 
linear and quadratic day of nest initiation, F1,780 = 5.5, P = 0.02 and F1,780 = 5.8, P = 0.02 
respectively) and larger egg volumes in male-incubated nests as the breeding season 
progressed (Fig 2; interaction of sex of the tending adult with linear and quadratic day of 
nest initiation, F1,780 = 4.5, P = 0.03 and F1,780 = 3.8, P = 0.05 respectively). Drought had 
a significant effect on egg volume, with the largest eggs laid during the driest conditions 
of this study (Fig 2, Table 1; F3, 780 = 3.1, P = 0.03). The variability in egg size between 
individuals (covariance estimate = 0.27) and between nests (covariance estimate = 0.27) 
were similar and both were close to double that of the within nest variability (covariance 
estimate = 0.16) and all were significantly different from zero (Ps for all z-tests < 
0.0001). Similarly, the variability in egg size was homogenous between months 
experiencing drought conditions compared to those that were not (ANOVA, F1,1185 = 0.3, 
P = 0.60). 
From the 18 nests discovered during the laying stage we found no difference 
between volume of the first-, second-, or third-laid eggs (ANOVA, F2,15 = 0.6, P = 0.59, 
JMP Statistical Package, Version 9; SAS Institute, Cary, NC). There were very few (n = 
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3) unquestionably second-laid eggs as we re-visited nests with incomplete clutches rarely 
during the laying stage. 
 We found 26 nests of 17 female and 28 nests of 19 male Mountain Plovers that 
were banded as juveniles and returned to the study area as adults. In this sample of 
known-age individuals, there was no clear pattern of age of the tending adult influencing 
maternal investment in egg volume (Fig 3). The eggs of nests tended by one-year-old 
males and females appeared the least similar to each other, although there was 
considerable variability in mean egg volume between the different age categories and we 
did not have any females in our oldest age categories. 
 During the five years of the study we were able to capture and weigh chicks from 
63 broods <24 hrs after hatch. Although there was fairly large variability in chick mass 
and egg volume, there was a strong, positive relationship between mean chick mass and 
nests with greater mean egg volumes (Fig 4, R
2
 = 0.26, P < 0.01). 
DISCUSSION 
While the mixed model found statistically significant differences in the patterns of 
Mountain Plover egg volume between nests incubated by males and females across the 
breeding season, the observed differences are likely a result of the large sample size and 
have very little impact biologically. The results instead show that maternal investment in 
egg size in this species is relatively consistent even between male- and female-incubated 
nests and under different environmental conditions. This type of parental care system, 
where the pair splits a clutch between two independent adults, has been argued as a step 
towards polyandry by reducing the energetic demands on females (Jenni 1974, Graul et 
al. 1977). The result of similar egg volumes, and therefore similar “fitness” between 
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male- and female-tended nests, suggests that this situation of uniparental care by both 
members of the pair is fairly stable. Mountain Plovers have relatively high rates of nest 
success compared to other ground-nesting grassland birds (Dinsmore et al. 2002) and so 
their practice of increasing the individual responsibilities of both parents and spreading 
out the risk of nest depredation (while also increasing the potential number of offspring to 
six) is apparently effective. 
 In north-central Montana Mountain Plovers nest in disturbed semiarid habitats 
that experience regular disturbance and drought conditions. The females of this species 
are adapted to produce many (≥6) relatively large eggs in relation to their body size in a 
short time under variable environmental conditions. The five years of this study had 
environmental fluctuations that ranged from moderately dry to very moist and these 
conditions likely influenced plover food availability and accessibility. The significant 
positive drought effect indicates that this species invests more into its potential fitness at 
a time when conditions could be demanding for the incubating bird. However, even at the 
opposite extremes of environmental conditions during this study, females were still 
laying six eggs that consumed a large proportion of their body mass, more than could 
have come strictly from fat reserves, and so food must be available to the plovers in this 
area. 
The volume of eggs tended by males and females both tend to decline towards the 
end of the breeding season, which is consistent with other shorebird studies (Sandercock 
et al. 1999) as well as other studies of egg size and laying date (Birkhead and Nettleship 
1982), but the dramatically different shapes of the predicted curves is not easily 
explained. One possible explanation is that there are multiple female reproductive 
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strategies (Fontaine and Martin 2006). For example, early-laying female Mountain 
Plovers may lay only one set of eggs for a single male and another set for themselves and 
forego providing eggs for other males. Thus, they would be able to invest more energy 
into each egg than if they lay more clutches. However, if a female lays several sets of 
eggs for multiple males these later eggs, including the last eggs in her own set, would 
likely be smaller because of the energetic demands. This population of Mountain Plovers 
is slightly biased with more males than females (1.15:1, Dinsmore and Skrade 
unpublished data based on 15 seasons of birds captured at nests) which when combined 
with observations of females courting and copulating with multiple males (Graul 1975) 
suggests polyandry is occurring and therefore likely that at least some females are laying 
eggs for multiple males. 
Two other species of shorebird display opposite patterns in egg-size related to 
laying order. The last-laid egg of the Northern Lapwing (Vanellus vanellus), a relative of 
the plover, is consistently smaller than the three previously-laid eggs (Lislevand et al. 
2005). However, one of the few shorebirds with a similar parental care system, 
Temminck’s Stint (Calidris temminckii), lays consistently larger eggs within a clutch 
(Väisänen et al. 1972). Similar to other species of fully precocial shorebirds, the eggs of 
Mountain Plovers do not appear to change with laying sequence (Nol and Lambert 1984, 
Lank et al. 1985), although to better answer this question the eggs of male-tended 
clutches need to be assigned to particular females and their dimensions compared to those 
she incubates herself. Examining the relationship between the physical characteristics of 
the female and egg size might be more informative. Reid and Boersma (1990) found that 
higher quality Magellanic Penguins (Spheniscus magellanicus) tended to have larger eggs 
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that provided greater fitness because of increases in early chick survival. A similar result 
was found in Northern Lapwings (Blomqvist et al. 1997). 
 Although egg size tends to increase with the age of the female in some species 
(Weimerskirch 1992) this effect was not obvious in our dataset. The largest sample of 
known-age birds in this study were those that first returned to nest in the study area as 
two-year-olds, and these birds tended to produce larger eggs than known one-year old 
females. One-year old females tended to produce the smallest eggs although there was 
enough overlap in the standard errors that we did not consider them to be different. While 
there initially appears to be a pattern of reduced egg volume in male-tended clutches, the 
five- and seven-year-old males tended to some of the largest eggs in this subsample. The 
amount of within-individual variability in egg size was the same as the amount of 
variability between individuals but due to the small samples it was impossible to 
determine patterns within individuals across years. However, to better understand age-
dependent reproduction in this species it is necessary to follow more individuals across 
several years (van de Pol and Verhulst 2006). 
 Our study shows that egg size in Mountain Plovers is fairly consistent across 
individuals in this region, with small differences occurring between eggs laid in male- 
and female-tended nests across the breeding season. Eggs within nests were similarly-
sized but further research should seek to examine the relationships between egg size and 
the age and physical condition of the laying female. Female Mountain Plovers tended to 
lay larger eggs during the driest years of this study and maternal investment, and 
consequently the fitness of the offspring, could potentially be influenced by changing 
environmental conditions associated with global climate change. 
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FIGURE LEGENDS 
FIGURE 1. Plot of five-day means (±SE) of calculated egg volume (cm
3
) of male- and 
female-tended Mountain Plover clutches in relation to Julian day of nest initiation (Day 1 
= 30 April) in Phillips County, Montana, U.S.A. 2006–2010. 
 
FIGURE 2. Model-estimated volume (cm
3
) of male- and female-incubated Mountain 
Plover eggs in relation to the day of nest initiation (Day 1 = 30 April) and moderately dry 
drought conditions, Phillips County, Montana, U.S.A., 2006–2010. 
 
FIGURE 3. Mean (±SE) volume (cm
3
) of eggs of male- and female-tended Mountain 
Plover clutches in relation to the age (years) of the incubating adult, Phillips County, 
Montana, U.S.A. 2006–2010. The number in parentheses is the sample size. 
 
FIGURE 4. Mean mass (g) of Mountain Plover chicks within 24 hours of hatch, in 
relation to the mean volume (cm
3
) of eggs within a clutch, Phillips County, Montana, 
U.S.A. 2006–2010. 
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TABLE 
TABLE 1. Mixed model analysis of egg volume of incubating Mountain Plovers 
(Charadrius montanus) in Phillips Co., MT, U.S.A. 2006–2010. Sex refers to the gender 
of the incubating adult, Moderately Dry, Slightly Dry, and Moist are moisture conditions, 
and Initiation refers to the Julian day of nest initiation. * indicates the interaction between 
two effects. 
 
 
 
 
 
Effect Estimate DF Standard Error P 
Intercept 12.495 120 0.188 <0.001 
Sex (Female) 0.662 278 0.309 0.033 
(Drought) Moderately Dry 0.319 780 0.147 0.030 
(Drought) Slightly Dry -0.161 780 0.118 0.171 
(Drought) Moist 0.153 780 0.105 0.146 
Initiation 0.048 780 0.015 0.001 
Initiation
2
 -0.001 780 <0.001 0.003 
Initiation*Sex (Female) -0.045 780 0.021 0.033 
Initiation
2
*Sex (Female) 0.001 780 <0.001 0.053 
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CHAPTER 6. EXTRA-PAIR PATERNITY IN THE MOUNTAIN 
PLOVER, A SHOREBIRD WITH UNIPARENTAL CARE BY BOTH 
SEXES 
A paper to be submitted to Behavioral Ecology 
Paul D. B. Skrade, Stephen J. Dinsmore, and Sara J. Oyler-McCance 
Abstract 
The Mountain Plover (Charadrius montanus) is a shorebird of conservation 
concern that breeds in disturbed areas of the Great Plains and the Great Basin. It has an 
uncommon parental care system where males and females tend separate nests. At our 
study site in Phillips County, Montana, U.S.A. the males arrive first at the breeding 
grounds, set up territories, and display to attract a female. After mating and laying an 
initial set of three eggs for a male, a female has the opportunity to mate with other males, 
potentially providing eggs for them before laying a set of three eggs that she incubates, 
then tends the resulting chicks. Courtship activity between multiple males and females 
within a single breeding season has been documented several times but few copulations 
have been observed. We examined the prevalence of multiple paternity within male- and 
female-tended broods using DNA extracted from chicks and the tending adult. During six 
breeding seasons (2006–2011) we collected blood from 99 incubating adult plovers and 
from 291 chicks of 115 broods (54 adult males with 154 chicks from 59 broods and 45 
adult females with 137 chicks from 56 broods). We found thirteen cases of mixed 
paternity within male-tended broods and one case of mixed paternity within a female-
tended brood. There was weak evidence that male-tended broods with mixed paternity 
occurred more frequently early in the breeding season. 
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Keywords: Charadrius montanus, extra-pair paternity, Mountain Plover, parentage, 
uniparental care 
Introduction 
Contrary to Lack’s (1968) statement that over 90% of passerines are socially 
monogamous, analyses of avian parentage using molecular techniques have revealed that 
few bird species are genetically monogamous (Westneat and Stewart 2003). There are 
reasons why birds seek these additional mating opportunities while maintaining their 
original pair-bonds, especially when the other parent is directly involved in caring for 
offspring (Ligon 1999). For example, successful extra-pair copulations by a male allow 
him to sire additional young in addition to those produced by his social mate but without 
having to provide additional care. Females that seek extra-pair copulations have parental 
care provided by their social mate but can gain genes of other desirable males for their 
offspring (Ligon 1999). The situation becomes more complicated as parental roles and 
responsibilities change (Székely et al. 2006, 2007). However, theory predicts that if a 
male is unlikely to be the father to some young in his care, then he will reduce his 
parental effort (Westneat and Sherman 1993). This is demonstrated through actions like 
reduced provisioning of offspring (Dunn and Cockburn 1996) or a reduction in nest 
defense, although there is likely a minimum threshold response of parental care with 
decreasing paternity (Whittingham et al. 1993). Similarly, males are expected to avoid 
females that have already produced eggs that season to prevent cuckoldry due to stored 
sperm from a previous copulation (Oring et al. 2002) or they may increase their attention 
to their mate through guarding or more frequent copulations (Møller and Birkhead 1991). 
This may not guarantee paternity however, as females of some species of birds may be 
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able to control paternity physiologically after multiple matings (cryptic female choice; 
Birkhead 1998). However, bird species that have a high degree of parental investment 
during both the incubation and brood-rearing stages and especially species with male 
participation in incubation tend to have low levels of extra-pair copulations 
(Schwagmeyer et al. 1999). 
The Mountain Plover (Charadrius montanus) is an uncommon shorebird with a 
rare parental care system in which males and females tend separate nests in disturbed 
areas of the Great Plains and Great Basin (Knopf and Wunder 2006). In this system it is 
thought that the males arrive first at the breeding grounds in early to mid-April, establish 
loose territories, and compete for females (Graul 1973). It is a moderate-sized bird (90-
110 g) that is sexually monomorphic and drably-colored. Clutch size is usually three eggs 
with nests of two or four eggs occurring occasionally (Knopf and Wunder 2006); nests 
less frequently contain one, five, or six eggs (Dinsmore and Knopf 1999). While both 
male and female Mountain Plovers tend individual nests unaided, and therefore have 
similar incubation and chick-rearing responsibilities, the females are thought to choose 
their mates. The 29-day incubation period commences after the last egg is laid (Graul 
1975). The pair-bond between Mountain Plovers is loose and temporary, generally lasting 
up to a week and appearing to break down shortly after clutch completion, although birds 
maintain their territories throughout incubation (pers. obs.). The temporary nature of the 
pair-bond provides opportunities for both males and females to seek additional partners 
and courtship and extra-pair copulations have been observed in the field but never 
quantified (Graul 1973). However, because males continue to exhibit territoriality 
throughout incubation, both aggressive intrasexual interactions and displaying to attract 
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females, if a mated female should nest in close proximity to the initial male’s nest then he 
may be able to prevent her from copulating with other males. 
Mate guarding can be an effective method of preventing extra-pair copulations 
(Møller 1991), however this can become increasingly difficult as the number of 
competitors increases. A study of extra-pair paternity in Eastern Bluebirds (Sialia sialis) 
showed that when nesting densities were experimentally increased, the frequency of 
extra-pair copulations increased (Stewart et al. 2009). In north-central Montana Mountain 
Plovers are closely tied to prairie dog dynamics and nest almost exclusively on black-
tailed prairie dog colonies (Knowles et al. 1982, Knowles and Knowles 1984, Dinsmore 
and Knopf 2005, Augustine et al. 2008, Childers and Dinsmore 2008). Sylvatic plague, a 
bacterial disease that affects black-tailed prairie dogs and is transmitted by fleas, is 
prevalent in north-central Montana (Collinge et al. 2005) and a plague epizootic can wipe 
out an entire prairie dog colony within a plover breeding season (Menkens and Anderson 
1991, Cully and Williams 2001, Pauli et al. 2006). Without prairie dogs the habitat can 
change in a manner of weeks, with increasing vegetation height because of the removal 
of grazing (Weltzin et al. 1997) and an altered insect community (Bangert and 
Slobodchikoff 2006). This can make the colonies unsuitable for Mountain Plovers, 
causing them to disperse to areas. During a year of high plague prevalence on the 
landscape, unaffected prairie dog colonies will often have greater numbers of Mountain 
Plovers nesting on them than in non-plague years (pers. obs.) This could potentially cause 
an increase in interactions among plovers and may lead to an increase in extra-pair 
copulations, or alternatively it could reduce extra-pair interactions if females nest closer 
to males and are easier to defend. We predicted that there would be few occurrences of 
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male-tended, mixed-paternity broods in this population because of the high degree of 
male parental investment (Zharikov and Nol 2000). However, we also predicted that 
female-tended Mountain Plover broods would have a high frequency of EPP broods 
because females should attempt to improve their fitness if a higher quality second mate is 
available (Székely et al. 2006). This frequency should increase in plague years as a 
response to increased nesting densities (Stewart et al. 2009). 
Methods 
Study area and sample collection 
Our study population of Mountain Plovers nests in an approximately 3000 km
2
 
area located in southern Phillips County in north-central Montana, U.S.A. (47°40´– 
47°55´ N, 107°35´– 108°30´ W). The study area, nest searching and monitoring, and 
capture, handling, and banding techniques were similar across years and are described in 
detail by Dinsmore et al. (2002). We collected blood samples from plovers during the 
2006 through 2011 breeding seasons. Blood samples were collected from mid-May until 
the end of the nesting season by trapping the incubating adult at the nest using a walk-in 
trap, and chicks were captured after they had left the nest using a hoop-net. Birds were 
individually banded with an aluminum USGS leg band and a four Darvic color band 
combination for subsequent identification. Mountain Plovers are sexually monomorphic 
and so we determined the sex of the tending adult molecularly from blood samples using 
the techniques outlined below. We determined the age of the eggs and the onset of 
incubation using egg floatation and back-dating and used this information to predict when 
eggs would hatch (Westerskov 1950, Dinsmore et al. 2002) in order to have the greatest 
probability of sampling all chicks within a clutch. Occurrences of sylvatic plague were 
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identified by a reduction in the number of prairie dogs and an increase in vegetation 
height. 
Blood samples from plovers were taken by puncturing the ulnar (adults) or jugular 
(chicks) vein using a 26 gauge needle and collecting ~200 μL of blood (Fair et al. 2010), 
which was stored in an Eppendorf tube. Samples were kept on ice until that evening when 
the plasma was separated by centrifugation and then the remaining red blood cells were 
re-suspended in Queen’s Lysis Buffer (Seutin et al. 1991) and frozen at -20 °C. At the 
completion of the field season the samples were stored at -80 °C from August of the 
collection year until December 2012 when the DNA extraction took place. This work was 
conducted under Iowa State University’s Institutional Animal Care and Use Committee 
protocol number 5-06-6129-Q. 
Genotyping 
We attempted to extract DNA from 406 blood samples from 115 Mountain Plover 
broods using the PUREGENE
®
 DNA Isolation Kit Protocol for whole blood, although 
not all samples were included in analyses of parentage. Eighty-six individuals that had 
been captured in 2006 were genotyped using 7 nuclear microsatellite loci (MoPl5, 
MoPl13, MoPl8, MoPl9, MoPl21, MoPl24, and MoPl26) isolated from Mountain Plover 
DNA at the Rocky Mountain Center for Conservation Genetics and Systematics (St. John 
et al. 2007) and samples from all other years were also genotyped using two additional 
microsatellites (MoPl2 and MoPl17). Genotyping methods and annealing temperatures 
are outlined by St. John et al. (2007). Each microsatellite locus was amplified using the 
polymerase chain reaction (PCR) with an M13-tailed forward primer (Boutin-Ganache et 
al. 2001). The loci were organized into two multiplexes (MoPl9+MoPl2 and 
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MoPl13+MoPl21) and five single locus PCRs. Each 10 μl PCR contained 2 μl of DNA, 
125 μM each dNTP, 5X buffer, 0.034 μM M13-tailed forward primer, 0.5 μM nontailed 
reverse primer, 0.31U Taq polymerase (Promega, Madison, Wisconsin), and 0.5 μM M13 
dye-labeled primer with Beckman Coulter dyes D2, D3, or D4 (Sigma-Aldrich, St. Louis, 
Missouri).  
Loci verification 
We performed an allele frequency analysis in the likelihood-based parentage 
analysis program Cervus 3.0 (Kalinowski et al 2007) to examine heterozygosity and test 
if each locus was in Hardy-Weinberg equilibrium. This analysis included the observed 
(HObs) and expected (HExp) heterozygosity and the polymorphic information content 
(PIC), a measure of the information content of the loci for paternity analysis related to 
expected heterozygosity. It also included average non-exclusion probabilities, which are 
the probabilities of not excluding a single unrelated candidate parent or parent pair from 
parentage of a given offspring at one locus. These were for one candidate parent (NE-1P), 
one candidate given the genotype of a known parent of the opposite sex (NE-2P), for a 
candidate parent pair (NE-PP), for identity of two unrelated individuals (NE-I), and for 
identity of two siblings (NE-SI). 
Parentage analysis 
We took a conservative approach to examine paternity of a particular male or 
maternity of a specific female by examining potential parent and offspring alleles at each 
locus by eye and excluding them if he/she could not have contributed either allele found 
in a chick at one or more loci (Alderson et al. 1999). We also used this method of 
exclusion to determine if the chicks in female-tended broods had been fathered by more 
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than one individual by examining the alleles of broods where all three offspring were 
genotyped at multiple loci and examining each locus by eye to determine if the female 
could not have contributed three alleles to the brood. Additionally we used the likelihood-
based paternity analysis in program Cervus 3.0 to attempt to assign paternity to female-
tended broods (Kalinowski et al 2007). We assumed the tending female was the mother 
of all chicks within the brood and tested the likelihood of paternity of all possible males 
assuming 25% of the candidate fathers were genotyped (34 out of approximately 125 
males). 
Results 
Validation of loci 
The allele frequency analysis (Table 1) indicated that there may be complications 
with the microsatellite data and the individuals being sampled. There was evidence that 
some of the loci being examined may not be in Hardy-Weinberg equilibrium, that the 
observed levels of heterozygosity were lower than expected, and that there are likely 
several null alleles present in the samples. This can be problematic for parentage analysis. 
Parentage analysis 
Of the 59 broods that were tended by male Mountain Plovers (Table 2), there 
were thirteen cases where competitive exclusion showed that the male was not the father 
of at least one chick in the brood. This method of competitive exclusion was also able to 
detect one case of mixed paternity from the 56 female-tended broods. The confirmed 
cases of mixed paternity occurred primarily early in the breeding season with extra-pair 
copulations having occurred in May, although with the small number of cases it was 
difficult to establish a seasonal relationship. Five of the confirmed cases of mixed 
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paternity in male-tended broods occurred in 2007 (29.4% of the sampled male-tended 
broods from that year), plus four in 2006 (28.6%), three in 2009 (23.1%), and one in 
2010 (12.5%). The single female-tended brood with confirmed mixed paternity was in 
2006 (9.1%). Plague occurred on some prairie dog colonies that were in close proximity 
to the observed cases of extra-pair paternity in 2006, 2007, 2008, and 2009 but not in a 
manner in which a relationship between the two could be determined. 
Program Cervus assigned paternity to 17 chicks from the female-tended broods, 
but there was little support (low likelihoods) for any of the candidate fathers. Two of the 
candidate fathers nested on the same colony as their predicted offspring but neither 
candidate father was matched to more than one chick within either brood. 
Discussion 
This study represents the first attempt at a detailed paternity analysis in the 
Mountain Plover. The findings reported here represent an initial inquiry into this species’ 
mating system and should be considered preliminary until a more detailed assessment can 
be completed. Below, we discuss some of the challenges in working with this dataset and 
how this affects our interpretations. 
The suggested presence of null alleles from the allele frequency analysis is 
troubling. Null alleles can occur in several ways, through complications with the PCR 
process such as poor primer annealing due to nucleotide sequence divergence, differential 
amplification of size-variant alleles, or PCR failure due to inconsistent DNA template 
quality or low template quality (Dakin and Avise 2004). However, they can also exist in 
the samples if there are certain biological factors present within the population. 
Inbreeding can cause significant heterozygote deficits relative to Hardy-Weinberg 
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equilibrium. Other recent range-wide studies of Mountain Plover have yielded interesting 
results about the geographic distribution of this species that could potentially lead to 
population isolation. Oyler-McCance et al. (2005) demonstrated using mitochondrial 
DNA that breeding populations of this species appear to be geographically isolated. 
Mountain Plovers are faithful to their breeding grounds (Skrade and Dinsmore 2010), and 
so subpopulations may exist within the larger Phillips County breeding population that 
was sampled, potentially causing a Wahlund effect (Wahlund 1928). However, there is 
no evidence for significant population differentiation (Oyler-McCance et al. 2005), and a 
subsequent study of microsatellite DNA further confirmed this finding (Oyler-McCance 
et al. 2008). If it is likely that the populations are not truly isolated and there is a high 
degree of inbreeding, and null alleles are occurring at the loci that were used, then 
corrections and adjustments must be made before further likelihood analysis of 
relatedness and relationships is performed (Wagner et al. 2006). 
However, even within the loci that potentially contain null alleles all thirteen 
cases of mixed paternity produced by the exclusion analysis were heterozygous males 
whose genotypes were not compatible with heterozygous offspring within their broods. 
Based on this result, our findings provide preliminary evidence that males are caring for 
offspring that are not theirs, which provides further information about this particular 
mating system and this type of parental care. The trade-off between costs and benefits of 
care has important implications for the evolution of parental care and mating strategies 
(Trivers 1972, Székely et al. 2007). In precocial species one parent is able to raise chicks 
without assistance from the other parent (Lack 1968) so in some species the other parent 
has the option of deserting and remating (Székely and Cuthill 1999). This situation can 
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create sexual conflict over care in precocial species, and so a range of parental care and 
mating strategies, from social polyandry to social polygyny, is possible (Orians 1969; 
Temrin and Tullberg 1995; Bennett and Owens 2002). The parental care system of the 
Mountain Plover has been described as an evolutionary step from monogamy to 
polyandry (Maynard Smith 1977, Oring 1986). Although there is not much evidence 
supporting this hypothesis in sandpipers and other calidridine sandpipers (Oring 1986), 
the multiple sequential clutches that occur occasionally in species of Charadriidae, 
including the Mountain Plover, are not well understood, and the situation in which this 
could have evolved is even less clear (Oring 1986). Finding evidence that females are 
mating with multiple males suggests that polyandry is occurring, although further 
analysis of the parentage data is needed to demonstrate that females are definitely laying 
sequential clutches for multiple males. During the course of this long-term study there 
have been many observations of courtship and territorial behavior. However, there have 
been very few observed Mountain Plover copulations. Direct, focused, behavioral 
observations of individuals for an extended period can be time consuming (Altmann 
1974), but could yield further insight into behaviors that are not detectable from 
parentage data, such as male mate-guarding. 
If the results of this study are correct, male Mountain Plovers have uniparental 
care by males with extra-pair paternity (Hildén 1975). An observational study of 
Temminck’s Stints (Calidris temminckii), a shorebird with a similar uniparental care 
system with males and females at separate nests (Hildén 1975), describes how these two 
species have similar behavior by both sexes with similar consequences. Male 
Temminck’s Stints court every female that enters their territory, and similarly a female 
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stint that sets up a territory on the boundary of two males will be courted by and copulate 
with both (Hildén 1975). However, according to that study a female Temminck’s Stint 
will always form successive pair bonds with a second male, while in Mountain Plovers 
this does not always seem to be the case (pers. obs.). 
In the polyandrous jacanas, males are the sole incubators and care for their young 
independently (Jenni and Collier 1972, Tareloton 1995, Emlen et al. 1998). However, 
even in this system where there is a high degree of male investment and no parental care 
by the females, there are cases of males being cuckolded (Emlen et al. 1998). Male-
tended broods of mixed paternity tended to occur more frequently when the female was 
polyandrous or another potential male mate was “available” (Emlen et al. 1998). For the 
Mountain Plover, living semi-colonially associated with prairie dogs can lead to 
increased interaction with potential rivals, or potential mates. However, selecting a 
breeding territory (Stamps et al. 2005), defending that territory (Pärt and Qvarnström 
1997), and competing for a mate (Thomas and Székely 2005) can be costly. These 
activities can negatively impact an individual’s ability to successfully produce young 
(Hasselquist et al. 1996), even within a breeding season, and have future impacts on 
survival and reproduction (Burger et al. 1995). If they are able to assess parental care 
ability, it may be the case that female Mountain Plovers are mating with highly 
successful territorial males but are also choosing other individuals to care for their 
offspring, thus gaining the “good genes” of the territorial male while providing her 
offspring with a greater chance of surviving (Strohbach et al. 1998). 
Complications with genotyping and parentage analysis meant that the parentage 
data used in this study were incomplete, including that not all possible fathers were 
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included in analysis. Further work is currently being done to correct problems with 
troublesome loci and fill in remaining gaps in the data. These should allow us to perform 
a more powerful likelihood analysis using programs like Cervus or other parentage 
analysis programs (e.g. Colony, Wang 2004) to better understand this complicated 
parental care system. 
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Tables 
Table 1. Allele frequency analysis summary table from Program Cervus 3.0 for nine 
Mountain Plover (Charadrius montanus) microsatellite loci from blood samples collected 
in Phillips County, Montana, U.S.A. from 2006–2010. The entries in the table are the 
name of the locus, the number of alleles found at that locus within these samples (k), the 
number of individuals typed at the locus (N), the observed heterozygosity (HObs), and 
the expected heterozygosity (HExp). The polymorphic information content (PIC) is a 
measure of the information content of the loci for paternity analysis related to expected 
heterozygosity. The average non-exclusion probability is the probability of not excluding 
a single unrelated candidate parent or parent pair from parentage of a given offspring at 
one locus. These are for one candidate parent (NE-1P), one candidate given the genotype 
of a known parent of the opposite sex (NE-2P), for a candidate parent pair (NE-PP), for 
identity of two unrelated individuals (NE-I), and for identity of two siblings (NE-SI). HW 
is the significance of deviation from Hardy-Weinberg equilibrium – NS is not significant, 
* is significant at the 5% level, ** is significant at the 1% level, *** is significant at the 
0.1% level, and ND is not done. These significance levels include a Bonferroni 
correction. F(Null) is the estimated null allele frequency. 
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Table 1. 
Locus k N HObs HExp PIC NE-1P NE-2P NE-PP NE-I NE-SI HW F(Null) 
MOPL02 3 237 0.181 0.190 0.179 0.982 0.905 0.829 0.667 0.822 ND 0.0131 
MOPL05 14 234 0.829 0.880 0.865 0.398 0.247 0.094 0.027 0.318 NS 0.0289 
MOPL08 7 284 0.398 0.656 0.615 0.748 0.572 0.378 0.159 0.462 *** 0.2565 
MOPL09 12 280 0.757 0.870 0.856 0.415 0.260 0.101 0.030 0.323 *** 0.0694 
MOPL13 3 309 0.479 0.602 0.519 0.819 0.689 0.545 0.241 0.510 *** 0.0970 
MOPL17 2 208 0.404 0.454 0.350 0.898 0.825 0.734 0.402 0.624 NS 0.0570 
MOPL21 5 322 0.537 0.609 0.537 0.802 0.660 0.497 0.224 0.502 * 0.0641 
MOPL24 21 216 0.690 0.919 0.911 0.287 0.167 0.046 0.013 0.295 ND 0.1438 
MOPL26 8 259 0.591 0.750 0.717 0.638 0.456 0.262 0.095 0.399 *** 0.1250 
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Table 2. Numbers of Mountain Plover (Charadrius montanus) broods sampled from 
male- and female-tended broods from Phillips County, Montana, U.S.A. by year. 
Year Males Females 
2006 14 11 
2007 17 7 
2008 6 12 
2009 13 13 
2010 8 12 
2011 1 1 
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CHAPTER 7. CONCLUSION 
This study provides new information about the reproductive decisions and 
breeding adaptations of the Mountain Plover (Charadrius montanus), a species of 
conservation concern with an uncommon parental care system. Understanding how sex, 
age, and environmental conditions play into the decision of the species to first breed can 
be used by conservation biologists to model population persistence in an environment 
that is predicted to experience even more changeable weather in the future and to help us 
to further understand the conditions that have allowed this uniparental care system by 
both sexes to persist. The high degree of variability in eggshell coloration and the 
relationship between nest survival, egg crypsis, and nesting habitat provides evidence that 
this species is adapting to the variable nest substrates across their breeding range. Further 
research should be conducted to determine what role, if any, aromatic Mountain Plover 
nesting material plays in minimizing nest depredation. 
Both male and female Mountain Plovers have similar, demanding roles during 
incubation and this is reflected in the similar levels of the hormone prolactin, which is 
associated with parental care behaviors and how the birds interact with their offspring 
and other members of their species. Similarly, the egg sizes of Mountain Plovers are 
consistent across individuals in this region, with only small differences occurring 
between eggs laid in male- and female-tended nests throughout the breeding season. 
Further research should seek to examine the relationships between physical condition, 
age, reproductive hormones, and parental investment to better understand how condition 
and reproductive behaviors and mate choice are related, since the evidence that females 
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mate with multiple males suggests that the decisions related to mate choice are 
complicated. 
Although the U.S. Fish and Wildlife Service decided in 2011 to not list the 
Mountain Plover as “Threatened” under the U.S. Endangered Species Act, there are still 
risks to this species. In the seven years of this study many of the black-tailed prairie dog 
colonies that make up Mountain Plover breeding habitat in north-central Montana 
experienced several sylvatic plague events. Several of the larger colonies were extirpated, 
effectively preventing Mountain Plovers from nesting there until the colonies could be 
recolonized by prairie dogs and the disturbed habitat the plover prefers is restored. Some 
colonies dusted with an insecticide were less likely to experience plague, but there is 
evidence of potential negative direct and indirect effects on Mountain Plovers and further 
research is needed. More information is also needed about this population’s time spent 
outside of the study area. Little is known about their migration and stopover ecology or 
about the wintering locations of this breeding population of Mountain Plovers. Although 
~2000 of these birds have been banded in Montana since 1995, and many of them survive 
and return to breed in subsequent years, few have been observed elsewhere during 
migration or on the wintering grounds. 
The Mountain Plover is a fascinating species of bird, not only because of its 
conservation status, but also because of its uncommon parental care system. Although 
this study provides further insight into its breeding biology, there is still much that we do 
not know about its evolutionary history and the conditions that caused this parental care 
system to evolve. 
